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HIGH-SPEED    TURBO-ALTERNATORS— DESIGNS  AND 

LIMITATIONS 


BY  B.  G.  LAMME 


The  real  problems  in  the  design  of  turbo-alternators  did  not 
really  develop  until  the  high-speed,  large  capacity  units  came  into 
demand.  In  the  earlier  work,  the  difficulties  in  design  were 
mostly  those  due  to  lack  of  experience  and  to  insufficient  knowl- 
edge of  the  possibilities  of  materials,  etc.  As  more  data  were 
obtained,  the  speeds  and  capacities  were  gradually  increased, 
until  with  the  present  large  capacities  and  high  speeds  a  number 
of  conditions  are  encountered  which  may  be  considered  as  true 
physical  limitations. 

The  principal  difficulties  in  the  design  of  the  earlier  machines 
were  found  in  the  permissible  v^eight  which  could  be  carried  by 
bearings,  undue  noise  due  to  the  open  construction  of  the 
machines,  and  the  troubles  incident  to  the  through-shaft  con- 
struction of  the  rotor. 

The  bearing  problem  was  eliminated  by  securing  more  complete 
data,  which  showed  that  the  possibilities  in  this  feature  had 
hardly  been  touched  upon. 

The  solution  of  the  noise  problem  was  largely  one  of  enclosing 
the  machine  without  interfering  with  the  ventilation.  In  doing 
this,  the  noise  problem  was  practically  eliminated,  but  the 
greater  problem  of  ventilation  then  developed. 

In  overcoming  the  difficulties  of  the  through-shaft  construc- 
tion, the  first  great  advance  was  made  in  the  direction  of  larger 
outputs  at  higher  speeds.  In  very  high-speed  machines,  the 
diameter  of  the  shaft  in  the  rotor  core  is  necessarily  small.  As 
the  over-all  diameter  of  the  core  is  comparatively  small,  it  fol- 
lows that,  after  allowing  for  the  slot  depth,  and  the  metal  in  the 
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core  necessary  to  withstand  the  high  rotative  stresses,  there  is 
left  but  little  availableC  ^ace  for  the  shaft.  About  600  kv-a. 
capacity  at  3600,rey:-p6i:  min.  was  the  limit  with  this  construction. 
The  first  great,  ad v-^ihce  in  this  problem  was  made  by  the  intro- 
duction of  r9toir§; without  the  through-shaft.  By  this  means, 
the  parts  crf'-tliV'shaft  adjacent  to  the  rotor  core  proper  could 
be  very  mtrch  heavier  than  with  the  through-shaft  type, 
and  .tbis, 'combined  with  the  solid  rotor  core,  gave  great  stiffness 
or  rigidity  compared  with  the  former  through-shaft  type.  This 
aUowed  much  larger  cores,  with  correspondingly  increased  out- 
•,j5uts.  The  two-pole  parallel  slot  type  of  rotor  with  bolted-on 
'shaft  construction,  as  described  later,  was  apparently  a  leader 
in  this  respect,  due  to  mechanical,  rather  than  electrical,  char- 
acteristics. When  this  type  had  proved  to  be  a  successful  one, 
the  possible  capacities  of  two-pole,  3600-revolution,  60-cycle 
machines  at  once  jumped  from  600  to  1000  kv-a.,  and  this  was 


Fig.  1 

quickly  followed  by  1500,  2000  and  3000-kv-a.  units  at  3600 
revolutions.  Since  then,  the  increase  in  capacity  at  this  speed 
has  been  more  gradual,  but  has  been  carried  up  to  5000  kv-a. 
at  present,  with  possibilities  of  a  6250-kv-a.  unit. 

The  radial  slot  type  of  rotor,  also  described  later,  when  con- 
structed with  its  core  and  shaft  in  one  piece,  quickly  followed  the 
parallel-slot  type  in  the  above  growth,  and  may  eventually  catch 
up  with  its  only  rival  in  the  two-pole,  60-cycle  field  of  construc- 
tion. 

About  the  same  time  that  the  through-shaft  type  was  super- 
seded in  the  two-pole,  60-cycle  machine,  a  corresponding  change 
was  made  in  the  two-pole,  25-cycle,  and  in  foxu"-pole  rotors  for 
both  frequencies,  so  that,  at  the  present  time,  practically  no 
designs  for  the  highest-speed  machines  use  the  through-shaft 
type  of  construction.  This  latter,  however,  has  been  retained 
in  some  of  the  more  moderate  speed  large-capacity  units. 
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On  account  of  the  high  rotative  and  peripheral  speeds,  the 
general  design  of  large  capacity  turbo-generators  turns  upon  the 
type  and  construction  of  the  rotor,  rather  than  the  stator. 
Various  designs  and  types  of  rotors  have  been  developed,  but, 
with  rare  exceptions,  only  two  general  types  are  now  built  in 
this  country.  These  may  be  designated  as  the  radial-slot  and 
the  parallel-slot  types.  Each  has  a  number  of  advantages  over 
its  rival  and  each  has  given  good  results  in  practise. 

Radial  Slot  Type  of  Rotor 

In  the  radial  slot  type,  as  usually  constructed  for  high-speed 
machines,  the  core  and  shaft  are  forged  in  one  piece  in  the  smaller 
and  more  moderate  sizes,  but  may  be  built  up  of  a  number  of 
separate  plates  or  disks  bolted  rigidly  together  in  the  larger  sizes. 
In  this  type,  the  core  is  cylindrical  in  all  cases,  and  in  the  outside 
surfaces  are  radial  slots,  usually  arranged  in  groups,  in  which  the 


Fig.  2 


exciting  windings  are  placed.  While  all  radial  slot  types  of 
rotors  bear  a  general  resemblance  to  each  other,  yet  there  are 
marked  differences  in  the  method  of  forming  the  slots  and  teeth 
which  constitute  the  outer  surface.  In  some  types  the  solid 
rotor  core  has  radial  slots  milled  or  slotted  in  the  main  body  of 
the  core.  In  other  cases  the  slots  are  formed  outside  the  main 
core  by  inserted  teeth,  usually  with  overhanging  tips,  between 
which  the  exciting  coils  lie.  These  two  general  constructions 
are  illustrated  in  Fig.  3.  Examples  of  the  inserted-tooth  con- 
struction are  found  in  the  large  moderate-speed  rotors  of  one 
American  company,  and  in  somewhat  higher  speed  machines  of 
a  German  company.  However,  with  the  advent  of  the  high- 
speed, high  capacity  machines,  the  milled-in  construction  of 
the  radial  slots  appears  to  be  taking  the  lead,  due  to  certain 
mechanical  limitations  in  the  inserted-tooth  types. 

On  account  of  the  radial  slots  and  the  usual  concentric  arrange- 
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ment  of  the  exciting  coils,  the  field  or  exciting  turns  cannot  be 
assembled  and  insulated  before  placing  on  the  core,  except  in 
the  inscrted-tooth  type  of  construction.  With  the  milled-in  slot 
type,  the  field  conductors,  usually  of  flat  strap,  are  dropped  into 
the  slot  one  at  a  time,  with  insulation  between  individual  turns. 
For  ease  of  winding,  the  ends  are  usually  allowed  to  overhang 
the  core,  and  require  a  very  ample  outside  support  in  the  very 
high-speed  machines.  This  is  illustrated  in  Fig.  4.  The  com- 
pleted coils  are  usually  held  in  place  by  strong  non-magnetic 
wedges  in  the  tops  of  the  slots.  These  wedges  are  usually  carried 
by  overhanging  pole  tips,  in  the  inserted- tooth  type,  or  by  grooves 
in  the  sides  of  the  slots  in  the  milled-slot  type.  The  design  of 
the  supports  for  the  overhanging  end  windings  has  furnished  one 
of  the  difficult  problems  in  this  type  of  construction.     Examples 
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of  radial-slot  end  windings,  and  of  the  rotor  complete,  are  shown 
in  Figs.  5  and  6. 

This  general  constniction  of  the  radial  slot  tyi)c  of  rotor  is 
obviously  applicable  to  machines  of  any  number  of  poles.  With 
a  two-pole  machine  there  will  be  only  two  groups  of  coil  slots  and 
two  groups  of  concentric  coils,  while  with  four  poles  or  six  poles 
there  will  be  four  or  six  groups  respectively.  It  is  evident  that, 
with  this  construction,  a  cylindrical  rotor  is  obtained,  regardless 
of  the  number  of  poles.  It  is  also  evident  that  the  problem  of 
supporting  the  end  windings  becomes  an  increasingly  difficult 
one,  as  the  number  of  poles  is  decreased  and  the  span  of  the 
end  windings  is  correspondingly  increased. 

The  support  over  the  end  windings  usually  consists  of  a  heavy 
ring  which,  in  very  high-speed  machines,  must  consist  of  material 
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having  extra  good  physical  characteristics,  for  this  ring  must 
not  only  be  able  to  carry  itself,  but  must  also  carry  the  weight 
of  the  underlying  end  windings  which  it  supports.  In  the  German 
inserted-tooth  rotor,  the  end  windings  are  supported  by  steel 
bands  of  many  layers,  instead  of  the  solid  steel  ring.  In  some  of 
the  lower  speed  radial  slot  machines,  such  as  one  American  type 
with  inserted  teeth,  the  end  supports  are  of  ring  form,  usually 
made  in  a  number  of  sections,  which  are  bolted  to  an  inner  shelf 
by  numerous  bolts  extending  from  the  outer  ring  between  the 
coils  of  the  end  ^^dndings  to  the  inner  shelf.  While  this  construc- 
tion is  satisfactory  for  the  more  moderate  peripheral  speeds,  yet 
with  the  much  higher  speeds  in  some  of  the  later  ])ractise,  this 
construction  has  been  su]>erseded  by  a  solid  ring  type  of  support. 

Parallel-Slot  Type  of  Rotor 

In  the  parallel-slot  type  of  rotor,  the  slots  for  the  exciting  coils, 
for  any  number  of  field  poles,  lie  in  planes  parallel  to  one  another 
and  to  the  rotor  axis.  The  arrangement  is  illustrated  by  Fig.  7. 
As  usually  constructed,  the  slots  are  cut  across  the  ends  of  the 
yx)les,  as  well  as  in  the  sides,  so  that  the  exciting  coils  are  em- 
bedded in  metal  throughout  their  length.  The  object  of  this 
general  arrangement  of  parallel  slots  is  to  facilitate  the  winding 
of  the  exciting  coils.  The  rotor  can  be  i)laced  upon  a  turn-table, 
or  similar  device,  and  rotated,  to  wind  the  coils  in  place  under 
tension.  Two  or  more  coils  can  be  wound  at  the  same  time,  as 
is  actually  done  in  practi  e.  As  the  coils  can  be  wound  under 
tension,  and  as  the  conductors  usually  consist  of  thin  flat  stra]), 
which  can  be  wound  in  very  tightly,  the  resultant  winding  is  a 
very  substantial  piece  of  work.  The  finished  winding  is  sup- 
ported by  metal  wedges  over  the  coils. 

It  is  obvious  that,  with  this  construction,  no  external  supi)ort 
is  required  for  the  end  windings,  as  the  field  core  proper  furnishes 
the  necessary  support.  It  wr:s  largely  on  account  of  this  feature 
of  well  supported  end  windings  that  the  i)arallel-slot  type  took 
a  leading  position  during  the  growth  of  the  larger  two-pole, 
fiO-cycle  alternators.  With  the  radial-slot  tyi)e,  the  support 
of  the  end  windings  presented  a  more  difficult  problem 
in  the  large  capacity,  high-speed,  two-pole  machines,  which, 
however,    is  being  gradually  solved. 

In  the  two-pole,  parallel-slot  cunstnu-liun,  in  order  to  utili/i* 
the  available  winding  space  to  advantage,  it  is  necessary  for  the 
windings  to  cover  the  central  portion  of  the  core  end  where  the 
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shaft  is  usually  attached,  as  shown  before  in  Figs.  7  and  8.  There- 
fore, with  this  construction,  a  separate  **  head  ''  or  driving  flange 
must  be  bolted  to  the  core  at  each  end,  this  head  carrying  the 
shaft,  as  shown  in  Fig.  8.  To  avoid  magnetic  shunting  of  the 
field  flux,  this  driving  head  must  be  made  of  non-magnetic 
material,  usually  of  some  high  grade  bronze,  to  which  the  shaft 
is  attached  in  such  a  way  as  to  keep  the  magnetic  leakage  as 
low  as  possible.  This  makes  a  good  strong  construction,  but  is 
necessarily  rather  expensive,  due  to  the  bronze  driving  heads. 
As  these  cost  but  little  more  for  a  long  rotor  than  for  a  short  one, 
the  construction  therefore  tends  toward  relatively  long,  small- 
diameter  cores  in  order  to  lessen  the  relative  dimensions  of  the 
bronze  heads. 

In  two-pole,  single-phase  machines  of  this  construction,  the 
copper  cage  damper  for  suppressing  the  armature  pulsating  re- 
action on  the  field  is  comprised  partly  of  these  bronze  heads, 
which  form  the  '*  end  rings  "  for  the  copper  bars  embedded  in 
the  slots  in  the  rotor  face. 

In  the  four-pole,  parallel-slot  machine,  no  bolted-on  driving 
heads  are  necessary,  for  the  core  proper  and  the  shaft  may  be 
cast,  or  forged,  in  one  piece,  or  in  two  or  more  pieces,  which  are 
bolted  or  **  linked  "  together  to  form  a  solid  core.  The  principal 
difference  between  the  two-pole  and  the  four-pole  parallel  slot 
constructions,  is  that  the  latter  must  have  salient  or  projecting 
poles,  in  order  to  utilize  the  parallel  construction  for  the  slots, 
while  the  two-pole  machine  is  preferably  made  cylindrical.  Fig. 
9  illustrates  this  feature. 

It  is  evident  that  there  is  considerable  available  space  lost  by 
the  openings  between  the  projecting  poles,  while  the  sections  of 
the  poles  themselves  are  cut  down  very  materially  by  the  slots 
for  the  exciting  winding.  The  limitations,  therefore,  in  such  a 
rotor  are  in  the  magnetic  section  of  the  field  poles  and  in  the 
available  copper  space,  and  in  these  features  the  four-pole  parallel 
slot  rotor  is  inferior  to  the  radial  slot  type.  In  the  two-pole 
machine,  however,  the  difference  between  the  radial  slot  and  the 
parallel  slot  is  not  nearly  so  pronounced,  as  is  indicated  in  Fig.  10 
where  the  two  arrangements  are  shown  on  one  core  for  compari- 
son. It  may  be  seen  from  this  that,  in  the  two-pole  form,  the 
two  constructions  ai)proach  each  other,  to  a  certain  extent, 
some  of  the  slots  in  the  parallel  construction  beinj^^  radial,  while 
others  depart  but  little  from  the  radial.  One  disadvantage  in  the 
two-pole,  parallel-slot  type,  however,  lies  in  the  smaller  amount  of 
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copper  space  which  is  obtained,  for  the  slot  space  must  necessarily 
cover  a  less  proportion  of  the  total  circumference  than  is  permis- 
sible with  the  radial  slot  type.  This  winding  space  is  limited  by 
the  physical   requirements  as  regards  bending  and  breaking 

strains  in  the  overhanging  tip  a 
in  Fig.  10.  In  the  radial  slot 
type,  the  slot  space  has  no  such 
limitation.  Also,  on  account  of 
the  grouping  of  the  field  copper 
into  a  narrower  zone  in  the 
parallel  slot  type,  the  heat  con- 
duction from  the  copper  presents 
a  more  difficult  problem  than  in 
the  radial  type. 

At  first  glance,  it  would  appear 
that  the  effective  length  of  the 
field  core  in  the  parallel  slot  type 
is  ver^"  considerably  diminished  by  the  slots  across  the  ends 
of  the  core.  However,  this  is  only  an  apparent  effect,  for  the 
true  length  of  the  core  should  be  taken  as  that  inside  of  the 
winding  slots,  and  it  should  be  considered  that  the  additional 


Fig.  10 


Fig.  11 


length  of  the  core  at  the  pole  face  is  in  the  nature  of  a  coil 
support  which  takes  the  place  of  the  separate  support  iji  the 
radial  slot  type.  Therefore,  if  over-all  lengths,  including 
rotor  coil  supports,  are  compared  in  the  two  types,  there 
is  but  little  difference,   as  indicated   by   Fig.    11.     However, 
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if  the  armature  core  is  made  of  tlio  saino  width  as  the  ])ole  face, 
in  both  types  of  rotors,  then  in  the  parallel-slot  type  it  will  be 
materially  greater  than  in  the  radial,  for  the  overhanging  pole 
tips  of  the  parallel-slot  machine  arc  also  efFectiv^e  magnetically 
in  furnishing  flux  to  the  armature.  Therefore,  as  regards  the 
stator,  this  tends  toward  a  wider  core  in  the  axial  direction,  and 
a  shallower  depth  of  iron  back  of  the  armature  slots,  as  indicated 
in  Fig.  12.  Also,  on  account  of  the  relatively  larger  polar  sur- 
face, in  the  parallel  slot  type  of  rotor,  the  magnetic  flux  density 
in  the  air  gap  is  usually  relatively  smaller  than  in  the  radial  slot 
type,  which  conduces  towards  a  larger  depth  of  air  gap.  Also, 
on  accoimt  of  the  larger  polar  surface,  the  available  space  for 
armature  slots  and  teeth  is  correspondingly  increased.  There- 
fore, this  type  of  construction  is  better  adapted  for  the  straight 
air  gap  method  of  ventilation,  as  will  be  described  later.  The 
greater  section  available  for  slots  and  teeth  at  the  stator  pole 
face  permits  a  large  number  of  ventilating  ducts.  The  relatively 
large  depth  of  gap  allows  a  large  amount  of  air  to  be  fed  through 
the  air  gap  to  the  ducts.  Therefore,  the  '*  radial  "  type  of  stator 
core  ventilation  has  been  used  very  largely  with  this  type  of 
rotor  construction.  In  the  parallel-slot  type  of  rotor,  it  is  obvious 
that,  due  to  the  large  polar  surface  compared  with  the  minimum 
section  of  the  field  core,  a  limit  in  design  is  found  in  the  magnetic 
saturation  in  the  field  core  itself. 

In  the  four-pole  parallel-slot  rotor,  the  field  section  is  more 
limited  than  in  the  two-pole  machine,  due  to  the  fact  that  con- 
siderable magnetic  space  is  lost  by  the  notches  between  the  pro- 
jecting poles.  However,  in  this  type  of  construction,  the  air 
gap  method  of  ventilation  is  relatively  easy,  due  to  the  fact  that 
these  interi)olar  spaces  furnish  easy  access  of  the  ventilating  air 
to  the  stator  ventilating  ducts.  In  consequence,  the  i)roblem 
of  ventilation  is  usually  not  a  serious  one  in  this  tyi)c  of  rotor. 
Due  to  the  polar  projections,  however,  the  tendency  to  noise  is 
obviously  greater  than  in  either  the  radial-slot  type  or  the  two- 
pole  parallel  type,  which  are  always  cylindrical. 

Nothing  has  yet  been  said  as  to  the  peripheral  speeds  obtained 
in  some  of  the  actual  designs  of  the  higher  speed  generators. 
These,  in  themselves,  indicate  some  of  the  limitations  which  now 
confront  the  designer. 

In  •the  5000-kv-a.,  two-pole,  3600-rev.  per  min.,  60-cycle 
generator  already  referred  to,  which  is  of  the  parallel-slot  rotor 
construction,  the  rotor  diameter  is  26  in.  (66  cm.).     This  gives  a 
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])cri])hcral  spce<;l  of  408  ft.  (124.3  m.)  per  second,  or  approximately 
24,500  ft.  (7468  m.)  per  minute.  The  core  is  designed  for  a 
ven*  considerable  margin  of  safety,  and  is  actually  tested  at 
oversi>ceds  which  give  ])ractically  30,000  ft.  (9144  nv.)  peripheral 
S])tH?<l  at  the  surface  of  the  core. 

In  certain  19,000-kv-a.,  62§-cycle,  four-pole,  1875-rev.  permin. 
machines  now  being  built,  which  are  of  the  radial-slot  rotor 
construction,  the  rotor  diameter  is  49  in.  (124.4  cm.).  This  gives 
a  peri]}hcral  speed  of  24,000  ft.  (7315  m.)  per  minute.  This 
ctmipares  with  a  speed  of  21,600  ft.  (6583  m.)  in  a  21,000-kv-a. 
two-pole,  1500-rev.  per  min.,  25-cycle,  radial-slot  machine  also 
Ix^ing  built,  the  rotor  core  of  which  is  shown  in  Fig.  12.  Obviously 
I  he  mechanical  limitations  are  being  more  closely  approached  in 
the  60-cycle  machines,  up  to  the  present  capacities. 

If  a  comparison  is  made  between  the  above  5000  and  19,- 
(X)0-kv-a.  rotors,  with  their  parallel  and  radial  type  construc- 
tions, it  is  found  that  their  limitations  He  in  quite  different 
features.  In  the  radial-slot  type,  the  core  stresses  are  much 
lower  than  in  the  other,  but  the  supporting  end  ring  is  an  im- 
])ortant  problem,  requiring  for  its  solution  a  very  high  grade  of 
steel  for  the  material  of  the  ring.  In  the  parallel-slot  rotor,  the 
maximum  stresses  are  in  the  core  itself,  principally  in  the  parts 
which  overhang  the  slots  at  the  sides  and  ends  of  the  core.  In 
the  radial  slot  core,  there  are  no  such  overhanging  masses.  In 
lx)th  constructions,  the  core  material  is  purposely  made  of  re- 
latively soft  steel,  having  a  high  percentage  elongation,  the  ob- 
ject l)einj^  to  obtain  a  material  which  can  yield  sufficiently  to 
transfer  the  strains  from  local  higher  i)oints,  to  adjacent  lower 
parts,  and  thus  ecjualize  them,  to  a  great  extent. 

The  smaller  diameter  rotor  cores  are  made  of  steel  forgiiigs, 
in  oner  piece.  The  larger  cores  are  made  up  of  thick  steel  plates 
asseml^led  and  bolted  together  to  form  a  solid  mass  comjmsing 
the  core  and  shaft  extensions.  By  this  disk  construction,  com- 
mercial material  is  used  which  is  of  unifonn  quality  clear  to  the 
center  of  the  disks.  The  fiber  of  the  material  is  in  a  direction 
best  .suite<l  to  the  directions  of  stress.  With  corresponding  size 
inros  made  in  one  piece,  the  outside,  to  a  certain  depth,  can  be 
pven  fair  physical  characteristics,  btit  the  center  is  liable  to  be 
^'lass-hard,  as  found  by  experience.  However,  this  may  not 
l>e  a  prohibitive  condition  in  machines  of  more  moderate  per- 
ipheral speeds.  Herein  lies  one  great  difference  between  American 
and  European  limitations.    In  American   practise,   60  cycles, 
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• 
calling  for  3600  and  1800-rev.  per  min.  machines,  is  the  standard 
frequency,  while  in  Europe,  50  cycles  is  standard,  giving  3000 
and  1500-rev.  per  min.  machines.  These  lower  speeds  make 
an  enormous  diflference  in  the  possibilities  of  design  and  construc- 
tion. 

{Present  Limitations  in  Design 

On  account  of  the  very  great  capacities,  at  high  speeds,  now 
being  obtained  in  turbo-generator  practise,  a  number  of  problems 
are  being  encountered,  the  solutions  of  which  arc  producing 
more  or  less  radical  changes,  both  in  design  and  in  practise. 
Some  of  the  limitations  now  encountered  arc  in  the  relatively 
high  temperatures  in  certain  parts,  high  losses  in  a  relatively 
small  space,  the  difficulty  of  ventilation,  due  to  the  requirement 
of  enormous  volumes  of  cooling  air  through  limited  openings 
or  passages,  the  type  of  insulation,  fire  risks,  regidation  and 
short-circuit  conditions,  etc. 

A  number  of  these  limiting  conditions,  such  as  the  temperature, 
ventilation,  losses,  and  insulation,  are  so  closely  related  to  each 
other  that  it  is  difficult  to  describe  any  one  of  them  in  detail, 
without  including  the  others  to  a  considerable  extent. 

The  Problem  of  Ventilation 

In  the  general  problem  of  ventilation,  four  conditions  must 
be  considered,  namely,  the  total  loss,  or  heat,  developed,  the 
surface  exposed  for  dissipating  this  heat  to  the  air,  the  quantity 
of  air  required  to  carry  away  the  heat,  and  the  temperatiu*e 
of  the  cooling  air. 

In  the  conduction  of  heat  from  the  surface  of  a  body  into  the 
air,  the  quantity  of  heat  per  unit  area  which  can  be  dissipated 
depends  upon  the  difference  in  temperature  maintained  between 
the  surface  of  the  body  and  the  body  of  air  to  which  the  heat  is 
conducted.  The  heat  dissipated  raises  the  temperature  of 
the  adjacent  air  a  certain  amount,  and  thus  tends  to  reduce 
the  temperature  difference,  unless  the  air  is  renewed  with  suffi- 
cient rapidity.  On  the  other  hand,  if  the  quantity  of  air  is  so 
great,  in  proportion  to  the  heat  dissipated,  that  there  is  but 
little  rise  in  the  air  temperature,  then  any  increased  amount 
of  air  over  the  surface  will  represent  practically  no  gain  in 
ventilation.  In  other  words,  when  the  amount  of  air  passed 
over  a  surface  is  sufficient  to  take  up  the  heat  dissipated  from 
the  surface  without  an  undue  rise,  then  a  further  quantity  of 
air  is  wasteftd,  and  it  may  even  be  considered  as  indirectly 
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harmful,  in  those  cases  where  the  total  quantity  of  air  is  limited. 
This  has  a  direct  bearing  on  the  size  of  ventilating  ducts  or 
passages  in  a  machine.  If  the  air  path  through  a  duct  is  relatively 
long,  then  a  considerable  width  of  duct  may  be  required  in  order 
to  get  the  necessary  quantity  of  air  through  it.  On  the  other 
hand,  if  the  air  path  is  very  short,  then  a  very  narrow  duct 
may  be  most  effective,  for  a  wider  duct  may  allow  more  air  to 
pass  through  than  can  be  utilized  in  taking  up  the  heat. 

No  matter  how  thoroughly  the  ventilating  air  is  distributed 
through  the  heat-generating  body,  or  however  effective  the 
heat-dissipating  surfaces  may  be,  the  total  air  supplied  must  be 
ample  in  quantity,  or  its  temperature  will  be  raised  an  undue 
amount.  As  the  surfaces  to  be  cooled  must  always  have  a 
higher  temperatiu*e  than  the  cooling  air,  any  considerable  rise 
in  the  latter  will  have  a  direct  influence  on  the  ultimate  tempera- 
ture which  may  be  attained  by  the  body  to  be  cooled.  Con- 
versely, if  an  ample  quantity  of  cooling  air  is  supplied,  but  the 
heat-dissipating  surfaces  are  insufficient,  the  ultimate  tempera- 
ture of  the  body  will  also  be  affected. 

In  large  capacity,  high-speed  turbo-generators,  the  problem 
of  ventilation  is  one  of  the  most  difficult  ones  encountered.  The 
trouble  lies  principally  in  the  large  total  loss  expended  in  a  very 
limited  space.  The  difficulties  of  the  problem  may  be  illustrated 
by  the  following  example : 

Assume,  in  a  1500-rev.  per  min.,  25-cycle,  15,000-kv-a. 
machine,  a  total  efficiency  of  96 .5  per  cent,  including  air  friction 
loss  inside  of  the  machine.  This  means  a  total  loss  in  the  machine 
of  545  kw.,  which  is  not  excessive  for  this  capacity,  but  is  very 
large  for  the  limited  space  in  which  it  is  developed.  A  very 
large  volume  of  cooling  air  is  required  for  carrying  away  the 
heat  due  to  this  loss.  A  simple  approximate  rule  for  determining 
the  quantity  of  air  required  is  that  an  expenditure  of  one  kw. 
in  one  minute  will  raise  the*  temperature  of  100  cu.  ft.  (2.8  cu. 
m.)  of  air  18  deg.  cent.  Therefore,  545  kw.  loss  would  require  a 
supply  of  ventilating  air  of  approximately  50,000  cu.  ft.  (1416 
cu  m.)  per  minute  for  a  rise  of  the  outgoing  air  of  20  deg.  above 
that  of  the  incoming  air.  Assuming  a  velocity  of  3000  ft.  (914  m.) 
per  minute,  this  would  mean,  with  a  cylindrical  ventilating 
channel,  a  diameter  of  56  in.  (142.2  cm.),  which  is  greater  than 
the  rotor  diameter  itself.  However,  as  the  cooling  air  ordinarily 
would  be  supplied  to  both  sides  of  the  machine,  the  ventilating 
passage  need  only  be  half  the  above  section  for  each  side. 
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Obviously,  such  passages  are  prohibitively  large,  and  much 
greater  air  velocities  through  the  machine  proper  are  necessary. 
Velocities  as  high  as  5000  to  6000  ft.  (1524  to  1828  m.)  per 
minute  are  common,  while,  in  some  cases,  more  than  10,000 
ft.  (3048  m.)  per  minute  has  been  required  in  certain  constricted 
sections  of  the  air  path  inside  the  machines.  Therefore,  no 
matter  how  the  problem  is  considered,  it  may  be  seen  that 
the  above  condition  of  the  enormous  volume  of  air  required, 
makes  the  problem  of  ventilation  a  difficult  one. 

There  are  several  methods  of  ventilating  large  turbo-generators, 
depending  upon  the  system  of  api^lying  the  air.  There  is,  first, 
the  radial  system,  in  which  practically  all  the  cooling  air  passes 
out  radially  through  ventilating  ducts  in  the  stator  core.  This 
radial  system  of  ventilating  can  be  subdivided  into  two  alterna- 
tive methods,  depending  upon  whether  the  air  is  partly  or 
wholly  supplied  through  passages  in  the  rotor,  or  through  the 
air  gap  alone.  These  two  methods  are  illustrated  in  Fig.  13. 
The  straight  air  gap  arrangement  may  require  a  relatively  large 
air  gap,  combined  with  very  high  velocity  of  the  air  along  the 
gap,  while  the  other  method  permits  a  considerably  shorter  gap. 
The  straight  air  gap  method  of  ventilation  is  used,  to  a 
considerable  extent,  in  all  60-cycle  machines  of  two-pole  con- 
struction, while  it  is  practically  the  only  one  that  has  been  used 
with  the  parallel-slot  type  of  machine  with  either  two  or  four 
poles.  In  this  parallel-slot  type  of  rotor,  however,  the  air  gap  can 
be  relatively  larger  than  the  radial-slot  type  of  rotor,  as  explained 
before,  which  compensates,  to  some  extent,  for  the  necessity  of 
depending  upon  this  method  entirely.  In  the  four-pole  parallel- 
slot  rotors,  the  interpolar  spaces  are  also  effective.  Moreover, 
with  parallel-slot  rotors  in  general,  the  openings  from  the  air 
gap  into  the  stator  ventilating  ducts  can  usually  be  somewhat 
larger  in  total  section  than  with  the  radial  type  of  rotor,  as  also 
described  before.  However,  the  relatively  greater  axial  length 
of  the  core  of  the  parallel-slot  type  of  rotor  increases  the  length 
of  the  constricted  air  passages  along  the  air  gap  in  the  two-pole 
machines,  which  is  a  material  disadvantage. 

The  straight  air  gap  type  of  ventilation  has  prove!  astonish- 
ingly effective  in  cooling  the  rotor  in  both  the  radial  and  parallel- 
slot  types  of  rotors,  and  with  either  type  there  is  usually  no 
great  difficulty  in  forcing  through  enough  air  to  cool  the  rotor 
core  in  a  fairly  effective  manner.  It  must  be  considered,  however, 
that  the  total  rotor  loss  in  large  turbo-generators  is  possibly 
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only  10  per  cent  of  the  total  loss  which  must  be  taken  care  of,  and 
a  relatively  small  proportion  of  the  total  ventilating  air  may 
suffice  to  cool  it.  According  to  actual  measiirements,  corrobo- 
rated by  general  experience,  the  cylindrical  surface  of  the  rotor 
core  can  give  off  four  or  five  watts  per  square  inch  (6.45  sq. 
cm.)  to  the  cooling  air,  with  a  temperature  rise  of  the  rotor 
surface  of  about  35  to  40  deg.  cent,  above  the  cooling  air.  To 
those  who  have  had  experience  with  dissipating  heat  from  electric 
apparatus,  this  result  will  appear  to  be  extremely  good. 

The  real  difficulty  with  the  air  gap  method    of  ventilation 
is  not  so  much  in  getting  enough  air  through  for  cooling  the 
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rotor  itself,  but  it  is  in  the  much  larger  quantity  required  for 
the  stator.  For  instance,  a  one-inch  (2.54-cm.)  depth  of  gap 
(from  iron  to  iron)  with  a  50-in.  (127-cm.)  diameter  of  rotor, 
means  a  total  section  of  air  path  into  the  gap  (counting  both 
ends  of  rotor)  of  314  sq.  in.  or  2.18  sq.  ft.  (0.19  sq.  m.).  At  a 
velocity  of  10,000  ft.  (3048  m.)  per  minute,  this  allows  a  flow 
of  only  21,800  cu.  ft.  (617  cu.  m.)  per  minute,  which  will  not 
take  care  of  a  large  machine,  from  the  present  standpoint  of 
possible  capacities  with  the  above  diameter  of  rotor.  By 
additional  openings  in  the  rotor  core,  this  might  be  increased  to 
30,000  cu.  ft.  (849  cu.  m.)  per  minute,  but  even  this  is  sliW 
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much  less  than  a  machine  with  a  50-in.  (127-cm.)  diameter  of 
rotor  woidd  require  if  built  for  capacities  otherwise  possible. 
Therefore,  on  account  of  this  limitation  in  the  amoimt  of  cooling 
air,  other  means  of  ventilation  have  received  much  considera- 
tion. Two  other  general  systems  of  ventilation,  in  addition  to 
the  gap  method,  have  been  used,  namely,  the  circumferential 
method,  and  the  axial.  The  former  has  been  developed  and 
applied  more  extensively  in  the  past,  but  the  latter  contains 
possibilities  which  are  bringing  it  rapidly  to  the  front. 

In  the  circumferential  method  of  ventilation,  air  is  supplied 
to  one  or  more  points  on  the  outside  circimiference  of  the  stator, 
and  is  forced  circumferentially  around  through  the  air  ducts  to 
suitable  outlets,  also  on  the  outside  surface.  Air  gap  ventilation 
is  usually  combined  with  this  circumferential  method,  partly  to 
cool  the  rotor.  The  general  arrangement  is  indicated  diagram- 
matically  in  Fig.  14,  in  its  simplest  form,  namely,  with  one  inlet 
and  one  outlet  diametrically  opposite.  A  serious  objection  to 
this  method  of  ventilation  is  found  in  the  limited  section  of  the 
ventilating  path.  Asstmiing,  for  example,  a  depth  of  stator 
core  of  20  in.  (50.8  cm.)  outside  the  armature  slots  and  a  total 
of  40  f-in.  (9.5-mm.)  ventilating  ducts,  or  a  total  effective  duct 
space  of  15  in.  (37.1  cm.)  width,  then  this  gives  a  total  section 
of  ventilating  path  of  20  X  15  X  2  =  600  sq.  in.,  or  4.16  sq.  ft. 
(0 .386  sq.  m.).  On  account  of  the  relatively  great  length  of  the 
ventilating  path,  air  velocities  of  more  than  6000  to  7000  ft. 
(1828  to  2133  m.)  are  not  desirable  or  economical,  but  even 
with  10,000  ft.  (3048  m.)  velocity,  the  total  quantity  of  air 
would  be  only  41,600  cu.  ft.  (1166  cu.  m.)  per  minute.  Further- 
more, this  method  is  handicapped  in  machines  with  very  high- 
speed rotors,  by  interference  between  the  radial  and  the  cir- 
cumferential systems  of  ventilation,  so  that  the  full  benefit  of 
either  is  not  obtained.  Below  a  certain  rotor  velocity,  apparently 
the  circumferential  action  can  predominate,  and  the  method  is 
fairly  effective  up  to  the  permissible  air  capacity  of  the  stator 
ducts;  but  at  very  high  speeds  the  radial  ventilation  may  very 
seriously  interfere  with  the  other,  so  much  so,  that  the  radial 
ventilation  alone,  even  with  its  very  restricted  gap  section,  may 
give  as  good  results  as  the  two  methods  acting  together. 

To  avoid  this  interference,  various  methods  have  been  devised, 
such  as  closing  part,  or  all,  of  the  radial  ventilating  ducts  at  the 
air  gap  to  keep  the  radial  effect  from  interfering  with  the  other. 
One  arrangement  which  has  been  used  in  Europe  to  a  considerable 
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extent  is  indicated  in  Fig.  15.  In  this,  the  alternate  radial  air 
ducts  are  closed  at  the  outside  surface,  while  all  are  closed  at 
the  air  gap.  The  air  enters  by  the  ducts  open  at  the  back  of 
the  machine,  flows  both  circumferentially  and  toward  the  gap, 
and  crosses  over  to  the  intermediate  ducts  by  axial  openings  back 
of  the  armature  teeth,  and  then  along  these  ducts  to  the  outlet. 
This  scheme  is  effective  in  principle,  but  is  uneconomical  in  the 
sense  that  less  than  the  total  section  of  stator  ducts  is  useful, 
as  regards  the  quantity  of  air  which  can  be  carried.  There  is 
usually  one  large  central  duct  to  allow  an  outlet  for  the  rotor 
ventilating  air.  This  particular  arrangement  of  the  stator  also 
uses  axial  ventilation  in  crossing  over  from  one  set  of  ducts  to 
the  other,  which  is  an  effective  arrangement. 
A   modification    of    the    simple    circumferential    method    of 
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ventilation  is  to  admit  air  to  the  back  of  the  stator  at  two  oppo- 
site sides  of  the  machine,  and  deliver  it  at  two  outlets  at  inter- 
mediate points  on  the  surface,  as  shown  diagrammatically  in 
Fig.  16.  By  this  means,  the  cross-section  of  the  ventilating 
path  is  doubled  and  the  length  is  halved.  Also,  the  interference 
of  the  radial  ventilation  with  the  circumferential  will  be  less 
harmful.  A  serious  disadvantage  in  the  circumferential  venti- 
lation in  general  is  that  the  ventilating  path  is  relatively  long, 
especially  where  there  is  but  one  inlet  and  outlet,  and  therefore 
the  cooling  air  at  the  outlet  of  the  channel  may  be  considerably 
hotter  than  at  the  inlet,  with  consequently  less  effective  cooling 
action.  This  means  points  of  local  higher  temperature  in  the 
core,  due  to  the  method  of  ventilation.  In  the  radial  type  of 
ventilation,  the  coolest  air  is  applied  near  the  seat  of  the  highest 
losses,  namely,  at  the  armature  teeth,  and  immediately^back  of 
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them,  and  the  air,  as  it  becomes  heated,  passes  over  the  outer 
part  of  the  iron  which  has  a  diminished  loss,  and  therefore 
normally  less  heat  to  dissipate.  Therefore,  the  effect  of  the  in- 
creased temperature  of  the  cooling  medium  is  offset  by  the  lower 
loss,  and  consequent  less  necessity  for  ventilation,  in  the  part 
where  the  air  is  hottest.  The  radial  system  of  cooling  is  therefore 
theoretically  the  most  effective,  but  practically,  the  difficulty 
is  in  applying  it,  due  to  the  limited  air  passages  available. 

Both  the  circumferential  and  the  radial  methods  of  cooling 
are  subject  to  one  serious  defect,  namely,  most  of  the  generated 
heat  in  the  stator  iron  must  be  conducted  across  the  lamina- 
tions to  the  air  ducts.    The  rate  of  conduction  across  the  lamina- 
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tions  is  only  from  1  per  cent  to  10  j)er  cent  as  great  as  along  the 
laminations  themselves,  according  to  various  authorities. 
Therefore,  if  the  heat  could  all  be  conducted  along  the  lamina- 
tions to  the  ventilating  surfaces,  apparently  much  more  effective 
heat  dissipation  could  be  obtained,  provided  sufficient  surface 
is  exposed  to  the  air,  and  an  ample  quantity  of  air  supplied. 
This  has  led  to  the  development  of  the  axial  system  of  ventila- 
tion, as  distinguished  from  the  radial  and  circumferential. 
In  this  method,  numerous  axial  holes  are  provided  in  the 
stator  core  which  may  extend  uninterruptedly  from  one  side 
of  the  core  to  the  other,  or  they  may  extend  from  each  side 
to  one  or  more  large  central  radial  channels  which  form  the  outlet. 
The  usual  numerous  radial  ducts  are  omitted,  or  may  be  con- 
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sidered  as  combined  in  one  central  channel.  This  general 
arrangement  is  illustrated  in  Fig.  17.  The  rotor  cooling  is 
accomplished  by  air  along  the  air  gap,  and  through  the  rotor 
core  to  the  large  central  duct.  In  this  method  of  ventilation, 
therefore,  there  is  a  combination  of  two  types,  namely,  the  axial 
and  the  air  gap,  but  there  is  not  the  interference  between  the 
two  that  is  sometimes  found  where  the  circumferential  method  is 
used. 

From  the  preceding,  it  may  be  seen  that  the  problem  of 
putting  a  sufficient  quantity  of  air  through  the  machine  is  an 
extremely  difficult  one.  In  addition,  in  very  large  machines, 
the  problem  of  supplying  the  required  quantity  of  air  from  a 
suitable  blower  forms  another  serious  problem.  In  smaller 
capacities,  and  in  slower  speed  machines,  it  has  been  the  usual 
practise  to  attach  blowing  fans  to  the  rotor  shaft  or  core,  as 
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part  of  the  outfit.  There  is  no  particular  difficulty  in  this 
arrangement,  except,  possibly,  in  the  high-speed  construction 
of  the  fans  required  for  GO-cycle,  two- pole  machines.  vSuch 
fans  can  supply  an  amount  of  air  which  is  limited  by  the  diameter 
and  other  dimensions  of  the  fan  itself. 

Assume,  for  example,  that  by  lengthening  the  rotor  core,  or 
by  other  modifications  in  the  construction,  the  capacity  of  the 
machine  can  be  doubled,  and  therefore  double  the  quantity  of 
air  is  required  for  cooling.  If  the  limit  of  the  fan  design  or 
operation  was  reached  before,  then  obviously  some  radical 
change  is  required  with  the  new  capacity  of  the  machine.  This 
condition  apparently  has  been  reached  in  some  of  the  later 
practise  in  large,  high-speed  turbo-alternators.  One  obvious 
solution  of  this  difficulty  lies  in  the  use  of  separate  lower- speed, 
large  diameter,  fans  or  blowers.  This  may  appear  to  be  a  step 
backward,  but  when  the  above  conditions  and  limitations  are 
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taken  into  account,  it  is  not  so.  The  '*  tail  "  must  not  be 
allowed  to  **  wag  the  dog;"  the  blower,  which  is  an  adjunct, 
must  not  be  allowed  to  dominate  the  construction  of  the  machine 
itself.  Moreover,  there  are  a  number  of  meritorious  features  in 
the  use  of  a  separate  blower.  In  the  first  place,  it  can  be  made 
somewhat  more  efficient  than  the  high-speed,  rotor-driven  fans. 
Again,  with  a  suitable  means  to  drive,  variable  speeds,  and 
therefore  different  air  pressures,  can  be  obtained.  This  feattu"e 
may  prove  to  be  very  desirable  or  advantageous  under  peak, 
or  overload,  or  emergency  conditions. 

One  further  condition  keeps  cropping  out  in  the  general 
problem  of  ventilation,  namely,  that  of  filtering  or  washing,  or 
otherwise  cleaning  the  ventilating  air.  With  50,000  to  75,000 
cu.  ft.  (1415  to  2122  cu.  m.)  of  air  per  minute  passing  through 
a  large  machine,  obviously  in  a  year's  time  an  enormous  quan- 
tity of  foreign  matter  is  carried  through  the  machine  with  the 
ventilating  air.  A  deposit  of  a  very  small  per  cent  of  this  in  the 
machine  will  probably  be  disastrous.  In  fact,  however,  the 
high  velocity  of  the  air  through  the  machine  serves  to  keep  the 
air  passages  clear  if  no  oil  or  moisture  is  allowed  to  enter.  That 
a  large  amount  of  foreign  matter  docs  go  through  the  machine 
is  very  soon  shown  in  case  a  little  oil  is  allowed  to  get  into  the 
ventilating  passages.  This  oil  catches  the  dirt  and  in  a  short 
time  the  ventilating  passages  may  be  very  materially  obstructed. 

On  account  of  the  deposit  of  dust,  etc.,  in  the  ventilating 
passages,  it  is  necessary  to  clean  certain  types  of  machines  at 
more  or  less  frequent  intervals,  and  it  is  advisable  to  clean  all 
types  occasionally.  With  some  systems  of  ventilation,  where 
such  cleaning  is  difficult,  or  almost  impossible,  such  as  that 
shown  in  Fig.  16,  provision  must  be  made  for  cleaning  the  air 
before  it  enters  the  machine.  With  the  particular  construction 
shown  in  Fig.  16,  air  filters  are  almost  always  supplied.  In  the 
American  types  of  construction,  however,  such  filters  have  not 
yet  been  used,  except  in  a  more  or  less  experimental  manner, 
due  probably  to  the  greater  accessibility  of  these  machines  as 
regards  cleaning.  But  such  filtering  processes  possess  consider- 
able merit  in  general.  One  modification  which  is  being  agitated 
at  present  is  that  of  washing,  instead  of  filtering,  the  air.  This 
serves  the  double  purpose  of  cleaning  and  cooling  the  air,  and 
in  very  hot  weather,  when  the  available  capacity  of  the  machine 
is  at  its  minimum,  this  cooling  effect  may  mean  a  reduction  of 
6  to  10  deg.  in  the  temperature  of  the  machine. 
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The  Temperature  Problem 

In  the  general  problem  of  temperatures  in  electrical  apparatus, 
it  is  not  the  rises,  but  rather  the  ultimate  or  limiting  temperatiu'es 
which  are  of  first  importance.  Fiu'thermore,  the  real  limitation 
in  ultimate  temperatiu'e  does  not  lie  in  the  copper  and  iron, 
but  in  insidating  materials  used;  and  only  insofar  as  the  tem- 
peratures of  the  former  affect  the  latter  do  they  concern  the 
general  problem.  However,  as  insulating  materials  in  themselves 
are  not  usually  sources  of  heat,  but  as  they  receive  most  of  their 
heat  from  adjacent  media,  such  as  iron  or  copper  which  may  be 
generating  loss,  the  real  temperature  problem,  as  regards  insula- 
tion, resolves  itself  into  the  consideration  of  that  of  the  adjacent 
materials.  Therefore,  it  is  one  which,  for  its  full  analysis, 
requires  a  knowledge  of  the  sources  and  amounts  of  heat  gener- 
ated, and  its  conduction  and  distribution  to  other  parts. 

Broadly  speaking,  there  is  always  a  flow  of  heat  from  points 
of  higher  to  those  of  lower  heat  potential  and  the  amovmt  of 
flow  is  also  a  function  of  the  quantity  of  heat  generated,  the 
section  and  length  of  the  paths  through  which  it  can  flow,  and 
the  specific  heat  resistance  of  the  various  materials  which  con- 
duct the  heat.  In  an  electric  generator,  for  example,  heat  is 
generated  in  large  quantities  in  the  armature  teeth  and  in  the 
armature  core.  It  is  also  generated  in  the  armature  coils  when 
the  machine  is  carrying  load.  Part  of  the  armature  copper  is 
buried  in  the  armature  slots  where  it  is  almost  surrounded  by 
iron,  which,  in  itself,  develops  a  loss,  while  another  part,  such 
as  the  end  windings,  may  be  surrounded  by,  and  thoroughly 
exposed  to,  the  ventilating  or  cooling  air.  In  such  end  portions, 
the  flow  of  heat  will  usually  be  from  the  inside  copper,  directly 
through  the  insulation  to  the  cooling  air.  The  amount  of  heat 
which  will  flow  from  the  copper- through  the  insulation,  depends 
upon  the  temperature  differences  between  the  copper  and  the 
outside  surface  of  the  insulation,  upon  the  cross-section  of  the 
path  of  flow,  upon  the  thickness  and  *'  make-up  "  of  the  material, 
and  upon  the  heat-conducting  properties  of  the  insulation  itself. 
There  is  also  a  considerable  temperature  gradient  from  the 
outside  surface  to  the  air.  If  the  surrounding  air  is  not  renewed 
with  sufficient  rapidity,  the  flow  of  heat  from  the  insulation  to 
the  air  may  raise  the  temperature  of  the  adjacent  air,  so  that 
the  total  temperature  drop  is  decreased,  and  the  amount  of  heat 
dissipated  is  correspondingly  reduced. 

In  the  armature  core,  the  problem  is  much  more  complex. 
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In  the  copper  buried  in  the  armature  slots,  there  are  usually 
three  paths  along  which  the  heat  can  flow:  First,  it  may  flow 
from  the  copper  directly  through  the  insulation  to  the  iron, 
provided  the  adjacent  iron  temperature  is  lower  than  that  of 
the  copper.  Second,  it  may  flow  lengthwise  of  the  copper  to 
the  end  windings  to  be  dissipated  directly  into  the  air  from  that 
l)ortion  of  the  winding,  as  described  above.  Third,  in  the  case 
of  open-slot  machines,  one  e<:lge  of  the  coil  may  be  exposed  to 
the  air  in  the  air  gap,  and  there  may  thus  be  a  direct  conduction 
of  the  heat  through  the  insulation  to  the  air  in  the  air  gap.  This 
latter  case,  however,  only  holds  for  the  upper  coil,  or  that  next 
to  the  gap,  in  the  case  of  two  coils  per  slot,  which  is  the  most 
common  construction.  In  the  bottom  coil,  the  only  means  of 
conduction  in  the  buried  portion  of  the  coil,  are  to  the  adjacent 
iron  or  lengthwise  to  the  end  windings,  or  to  the  adjacent  upper 
coil,  which,  however,  would  normally  have  at  least  as  high 
temperature  as  the  lower  coil.  Therefore,  the  two  effective 
paths  should  be  considered  as  through  to  the  iron  and  thence 
to  the  air,  and  lengthwise  of  the  copper  to  the  end  windings  and 
to  the  air.  It  is  the  relation  of  the  various  factors  of  these  two 
paths  that  control  the  actual  temperatures. 

It  has  usually  been  considered  that,  in  the  buried  copper,  the 
greater  portion  of  the  heat  is  conducted  directly  into  the  sur- 
rounding iron.  This,  however,  is  only  partially  true,  depending 
upon  many  features  in  the  construction  and  type  of  apparatus. 
The  heat  conductivity  of  copper  is,  roughly,  about  six  times  that 
Oil  aminated  iron  lengthwise  of  the  sheet,  which  is  possibly  ten  to 
twenty  times  as  great  as  across  the  laminations.  In  an  armature 
which  is  comparatively  narrow  and  which  has  very  open,  well 
ventilated  end  windings,  a  relatively  small  difference  in  tempera- 
ture between  the  copper  at  the  center  of  the  core  and  that  in  the 
end  windings,  may  cause  a  relatively  large  flow  of  heat  from  the 
buried  copper  to  the  end  copper.  Therefore,  in  certain  designs, 
a  great  part  of  the  armature  copper  heat  may  be  dissipated 
through  the  end  windings,  and  not  through  the  armature  core, 
especially  in  those  cases  where  the  armature  core  in  itself  has  a 
considerable  temperature  rise.  There  might  even  be  no  con- 
duction of  heat  from  the  copper  to  the  iron,  or  there  may  be 
conduction  from  the  iron  to  the  copper;  for  if  the  copper  is  at 
the  same  temperature  as  the  iron  at  the  center  of  the  core,  for 
instance,  then  at  each  side  of  the  center,  or  as  the  edges  of  the 
core  are  approached,  the  copper  temperatures  will  be  relatively 
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lower  than  at  the  center,  and  therefore  lower  than  the  adjacent 
iron,  on  the  assumption  that  the  iron  temperatures  would  be 
practically  constant  over  the  full  width  of  the  core.  The  con- 
ditions would  therefore  be  as  represented  in  Fig:.  18.  The  solid 
line  a  in  this  figure  represents  the  iron  temperature  at  uniformly 
40  deg.  cent,  rise,  and  the  dotted  line  b  represents  the  copper 
temperatures  from  the  center  of  the  core  to  the  edges.  Th?  tem- 
peratures at  the  center  being  assumed  the  same  for  copper  and 
iron,  obviously  there  will  be  a  flow  of  heat  from  the  iron  to  the 
copper  near  the  edges  of  the  core.  The  effect  of  this  additional 
heat  carried  out  by  the  copper  would  be  such  as  to  tend  to  increase 
the  temperature  of  the  copper  at  the  center  of  the  core  by  *'  bank- 
ing up  **  the  copper  heat. 

Again,  if  the  temperature  of  the  copper  at  the  center  is  materi- 
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ally  higher  than  that  of  the  surrounding  core,  the  conditions 
may  be  as  represented  in  Fig.  19.  In  this  case,  assuming  the 
core  at  c<jnstant  temperature,  there  will  bo  heat  flow  from  the 
copper  to  the  iron  at  the  center  of  the  core,  and  from  the  iron  to 
the  copper  at  the  edgvs. 

This  study  of  the  ])roblem  leads  to  certain  very  curious  con- 
ditions which  are  sometimes  found  in  large  machines.  At  no- 
load,  for  instance,  with  practically  no  copper  loss  present,  and 
^"ith  high  iron  loss,  there  may  be  a  very  considerable  flow  of 
heat  from  the  armaturj  teeth  through  the  insulation  into  the 
copper,  and  thence  to  the  end  windings  and  to  the  air.  In  this 
way  the  temperature  of  the  armature  teeth  at  no-load,  and  with 
normal  voltage  generated,  may  be  considerably  reduced  by  con- 
duction of  the  iron  heat  into  the  copper,  while  the  copper  itself 
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may  show  a  very  considerable  temperature  rise.  When,  load  is 
placed  upon  such  a  machine,  sufficient  to  raise  the  temperature 
of  the  copper  up  to  that  of  the  iron  in  the  armature  teeth,  the 
latter  is  actually  increased  in  temperature,  due  to  the  prevention 
of  the  heat  conduction  into  the  copper.  In  this  way,  therefore, 
the  copper  may  apparently  heat  the  iron,  although  there  is  no 
direct  flow  of  heat  from  the  copper  to  the  iron,  but  the  reverse 
flow  is  prevented. 

In  high-voltage  windings  requiring  thick  insulation,  the  tem- 
peratture  drop  from  the  copper  to  the  outside  may  be  relatively 
large;  that  is,  with  a  given  difference  of  temperature  between 
the  copper  and  the  surrounding  air,  a  relatively  small  amount 
of  heat  may  be  conducted  through  the  insulation.  Experience 
shows  that  the  amount  which  can  be  conducted  is  a  function  of 
the  quality  of  the  material,  the  way  it  is  built  up,  its  thickness, 
and  also  the  pressure  upon  it.  It  is  almost  impossible,  in  a 
machine  in  service,  to  calculate  exactly  the  flow  of  heat,  even  if 
all  the  temperature  conditions  are  known,  for  the  insulating 
material  itself  is  one  of  the  variables  in  the  problem.  The  ability 
of  the  insulation  to  conduct  heat  will  change  with  operating 
conditions,  to  some  extent,  as,  for  instance,  it  may  tend  to  ex- 
pand somewhat  under  heat,  and  thus  change  its  heat  conducting 
qualities. 

In  the  armature  iron,  the  problem  of  heat  conduction  is  just 
as  complicated  as  in  the  armature  conductor.  The  principal 
sources  of  heat  lie  in  the  armature  teeth  and  in  the  armature 
core  back  of  the  teeth.  As  a  rule,  the  loss  in  the  portion  of  the 
core  immediately  back  of  the  teeth  is  relatively  greater  than  at 
a  greater  depth,  for  the  magnetic  fluxes,  which  cause  the  tempera- 
ture rise,  generally  crowd  close  to  the  teeth,  so  that  the  density 
is  higher  at  such  parts. 

The  heat  from  the  armature  teeth  can  be  dissipated  along 
several  paths.  It  can  flow  lengthwise  of  the  laminations  to  the 
end  of  the  tooth  and  into  the  air  gap,  where  the  ventilation  is 
usually  fairly  good,  but  the  tooth  surface  exposed  is  relatively 
small.  In  the  second  place,  it  can  flow  back  along  the  lamina- 
tions to  the  armature  core  where  it  can  spread  out  through  a  path 
of  much  greater  cross-section  and  be  conducted  partly  to  the  back 
part  of  the  laminations,  and  partly  transversely  to  the  ventilating 
ducts.  A  third  path  from  the  armature  teeth  is  across  the 
laminations  of  the  teeth,  to  the  neighboring  ventilating  ducts. 
This  latter  path,  however,  must  necessarily  be  relatively  poor 
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in  conductivity  per  unit  section  of  path,  compared  with  the 
others,  but  offsetting  this,  it  is  frequently  of  much  greater  cross- 
section  and  of  relatively  small  length.  In  passing  from  plate 
to  plate,  the  heat  must  pass  through  the  insulating  varnish, 
or  other  material  used,  which  is  of  relatively  high  heat  resistance 
compared  with  the  iron  itself.  Nevertheless,  in  machines  with 
radial  ventilation,  a  very  considerable  portion  of  the  heat  due 
to  the  tooth  loss  is  carried  transversely  through  the  plates  to 
the  air  in  the  ventilating  ducts,  simply  because  that  is  the  path 
of  lowest  total  heat  resistance,  everything  considered.  In  many 
cases,  the  temperature  in  the  core  back  of  the  teeth  may  be  as 
high  as  that  of  the  teeth  themselves,  so  that  the  only  flow 
possible  is  across  the  laminations  to  the  air  ducts,  or  lengthwise 
to  the  tip  of  the  teeth  in  the  air  gap.  Therefore,  the  question 
whether  the  armature  teeth  may  be  hotter  than  the  armatvire 
core,  or  whether  the  flow  of  heat  is  from  the  teeth  to  the  core, 
or  from  the  core  to  the  teeth,  is  a  very  involved  one;  and  yet 
upon  this  question  depends,  to  a  great  extent,  the  temperature 
rise  in  the  buried  armature  copper.  If  the  armature  core  is 
normally  hotter  than  the  teeth,  and  a  considerable  amount  of 
heat  in  the  teeth  is  carried  away  by  the  buried  copper  at  no 
load,  then  it  may  happen  that  when  carrying  heavy  load,  the 
heat  in  the  teeth  will  rise  very  considerably  above  the  no-load 
condition,  and  it  may  actually  so  **  bank  up  '*  that  there  is  still 
more  or  less  flow  from  the  iron  to  the  copper,  even  with  load. 
With  such  a  condition,  therefore,  the  outside  of  the  insulation 
may  reach  a  higher  temperature  than  the  inside,  while  in  those 
cases  where  the  temperature  of  the  copper  rises  above  that  of 
the  iron  of  the  armature  teeth,  the  inside  of  the  insulation 
will  be  hotter.  Therefore,  the  temperature  to  which  the  insula- 
tion is  liable  to  be  subjected  appears  to  be  largely  a  problem 
for  the  designer  to  determine  from  his  calculations,  based  upon 
accumulated  data  and  experience.  This  is  especially  the  case 
^4th  very  wide  armature  cores  and  large,  heavily  insulated 
armature  coils,  such  as  found  in  large  capacity,  high-speed 
turbo -generators.  In  such  machines,  experience  has  shown 
that  various  temperature  conditions  may  be  found,  depending 
upon  the  location  and  relative  values  of  the  losses  in  the  different 
parts  and  the  means  for  conducting  away  the  heat.  Tests 
have  shown  that,  in  some  cases,  the  armature  iron  at  the  center 
of  the  core  is  considerably  warmer  than  the  armature  copper, 
while  in  other  cases  the  opposite  is  found  to  be  true. 
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In  such  apparatus,  the  temperatures  actually  obtained  are 
liable  to  be  materially  higher  than  the  usual  methods  of  measure- 
ment will  indicate.  These  temperatures  are  inherent  in  the 
conditions  of  design  and  cannot  be  avoided  economically,  in 
certain  types  of  apparatus,  such  as  turbo-generators.  In  such 
machines,  the  limitations  in  speed,  strength  of  material,  etc., 
force  the  designer  to  certain  proportions  which  preclude  larger 
dimensions,  or  lower  inductions  in  the  iron,  or  lower  densities 
in  the  copper,  or  increased  ventilation.  In  such  apparatus, 
therefore,  the  development  apparently  lies  in  the  direction  of 
insulations  which  will  stand  the  higher  temperatures  which  may 
be  obtained. 

These  conditions  of  higher  temperatures  in  some  parts  of 
the  machine  than  indicated  by  the  usual  tests,  have  been 
recognized  for  years  by  designers  and  manufacturers  of  large 
electric  machinery.  A  rough  indication  of  these  temperatures 
can  be  obtained  by  exploring  coils  or  thermocouples  suitably 
located.  However,  it  is  evident  that  such  coils,  if  located  next 
to  the  copper,  will  not  give  the  correct  temperature  measurement 
if  the  flow  of  heat  is  from  the  iron  to  the  copper,  while  a  coil 
next  to  the  iron  will  not  give  the  correct  result  with  the  flow 
from  the  copper  to  the  iron.  Experience  has  sho\vn  that  the 
temperatures,  in  corresponding  positions  around  the  core,  may 
not  be  uniform,  due  to  local  conditions.  In  consequence,  it  is 
not  practicable  to  actually  determine  the  true  temperatures  of 
all  parts  of  the  insulation  on  commercial  machines,  except  by 
measurements  of  a  laboratory  nature,  which  would  involve  such 
a  number  of  separate  readings  as  to  be  commercially  prohibitive. 

On  account  of  the  higher  temj^eratures  which  may  be  found 
in  such  apparatus,  and  the  difficulty  of  making  exact  measure- 
ments, except  by  laboratory  methods,  manufacturers  very 
generally  have  adopted  the  use  of  mica  as  an  insulating  material 
on  the  buried  part  of  the  coils.  Experience  has  shown  that  such 
material,  when  properly  applied,  can  safely  stand  temperatures 
of  at  least  125  deg.  cent.  How  much  more  has  not  yet  been 
determined. 

Of  such  machines  it  may  be  said  that  the  manufacturer,  with 
his  guarantee  of  40  deg.  cent,  by  thermometer,  actually  builds 
for  possible  temperatures  of  70  to  90  deg.  cent,  in  some  parts  of 
the  machine,  for  he  expects  to  find  fairly  high  temperatiires  in 
some  cases  with  exploring  devices.  The  usual  guarantee  of  40 
de^-.  cent,  therefore  should  be  considered  as  only  a  relative  indi- 
cation  of  a  safe  temperature  in  such  apparatus. 
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If,  for  instance,  the  exploring  coils  should  show  70  deg.  cent, 
maximum  rise  under  running  conditions,  and  the  permissible 
ultimate  temperature  of  fibrous  or  tape  insulation  is  assumed 
as  90  deg.  cent,  for  continuous  operation,  then  obviously,  with 
air  at  40  deg.  cent,  the  insulation  would  be  considered  as  insuffi- 
cient from  point  of  durability,  except  for  intermittent  service, 
such  as  overloads,  and  such  limited  conditions.  Plainly,  the 
insulation,  for  such  temperatures,  should  be  of  mica,  or  equiva- 
lent material,  for  which  125  deg.  cent,  has  been  found  to  be  safe. 

Furthermore,  it  may  be  stated  that  with  such  mica  insulation, 
a  turbo-generator  which  shows  75  deg.  cent,  rise  by  exploring 
coils,  or  thermocouples,  has,  in  fact,  more  margin  of  safety 
than  the  ordinary  vamished-tape-insulated  low- voltage  machines 
of  any  type,  which  show  40  deg.  cent,  rise  by  thermometer  or 
50  deg.  cent,  rise  by  resistance. 

The  foregoing  aims  to  bring  out  clearly  that  the  temperature 
problem  is  a  most  complex  one,  in  all  electrical  apparatus,  and 
especially  so  in  turbo-generators.  It  indicates  that  no  simple 
temperature  test  can  show  all  the  facts,  and  that  all  commercial 
methods  must  be  considered  as  approximations.  It  also  shows 
the  absurdity  of  classifying  a  piece  of  apparatus  as  good  or  bad, 
respectively,  according  to  whether  it  tests  possibly  one  or  two 
degrees  below  or  above  a  specified  thermometer  guarantee. 
Also,  following  out  the  above  principles  on  heat  flow,  various 
fallacies  in  temperature  measurements  might  be  noted.  For 
example,  it  is  usually  assumed  that,  after  shut-down,  if  a  grad- 
ually rising  temperature  is  shown,  this  is  a  more  accurate  indica- 
tion of  the  true  temperature.  But  this  may  be  entirely  wrong  as 
regards  windings.  If,  for  instance,  the  core  back  of  the  armature 
slots  is  materially  hotter  than  the  armature  teeth  while  carrying 
load,  then,  upon  shut-down,  with  the  air  circulation  stopped, 
the  teeth  will  rise  to  aj^proximatcly  the  same  temperature  as  the 
core  back  of  the  teeth,  and  there  may  be  a  flow  of  heat  into  the 
coils,  which  condition  may  not  have  existed  while  carrying  load. 
A  thermocouple  on  the  coil  or  in  the  teeth  would  thus  indicate 
a  false  temperature  rise  after  shut-down.  This  is  cited  simply 
as  one  of  many  instances,  to  show  the  possibilities  of  entirely 
wrong  conclusions  which  may  be  reached  in  the  problem  of 
temperature. 

The  Insulation  Problem 

The  one  fundamental  condition  which  must  be  considered  in 
the  insulation  problem  is  the  durability  of  the  material  itself,  and 
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this  must  be  viewed  from  two  standpoints — the  mechanical,  and 
the  electrical.  From  the  mechanical  standpoint,  the  material 
may  have  its  insulating  qualities  impaired  by  the  action  of 
mechanical  forces  which  tend  to  crack,  or  crush,  or  disrupt  the 
material  itself,  or  it  may  be  affected  by  being  permeated  by 
foreign  materials  or  substances,  or  it  may  be  injured  by  such 
overheating  as  will  partially  or  wholly  carbonize  it,  or  render  it 
brittle  or  otherwise  unsuitable  for  the  desired  purpose. 

From  the  electrical  standpoint,  it  may  be  weakened  by  deter- 
ioration of  the  quality  of  the  insulating  material  itself  or  some 
of  its  component  parts,  which  may  be  due  to  heating,  or  oxida- 
tion, or  many  other  causes. 

The  effect  of  mechanical  injury,  such  as  cracking,  crushing 
or  overheating,  on  the  insulating  qualities,  will  depend  upon 
-many  conditions.  In  some  cases,  with  relatively  low  voltage, 
any  effective  mechanical  separation  of  the  parts  is  sufficient  for 
electrical  purposes.  For  higher  voltages,  continuity  of  the  sepa- 
rating insulating  medium  is  necessary. 

Experience  has  shown  that,  for  moderate  voltages,  tempera- 
tures which  may  injure,  or  even  ruin,  the  insulating  material, 
from  a  mechanical  standpoint,  may  not  seriously  affect  its 
insulating  qualities.  Many  insulating  materials  of  a  cellulose 
nature  will  still  retain  good  insulating  qualities  if  maintained 
at  temperatures  as  high  as  150  deg.  cent,  for  such  long  periods 
that  the  material  itself  semi-carbonizes.  Under  such  high 
temperature  conditions,  however,  it  becomes  .structurally  bad — 
that  is,  it  may  become  so  brittle  that  it  tends  to  crumble,  or 
powder,  or  flake  off,  and  thus  its  value  as  an  insulation  is  im- 
paired by  displacement  of  the  material  itself.  In  low  voltages, 
therefore,  it  is  not  a  deterioration  in  the  instdating  qualities, 
but  rather  a  mechanical  breakdown  of  the  material  itself,  which 
is  liable  to  cause  trouble.  With  high  voltages,  however,  the 
conditions  may  be  quite  different.  With  some  insulating  mater- 
ials, the  dielectric  strength  may  be  so  affected  by  long  continued 
high  temperatures  that  the  insulating  quality  becomes  insuffi- 
cient. This  has  a  direct  bearing  on  large  capacity,  high- voltage 
tubo-generators. 

In  the  problem  of  insulation,  certain  difficulties  have  been 
encountered  in  large  turbo-generators,  which,  while  they  would 
have  developed  eventually  in  other  large  machines,  yet  became 
apparent  more  quickly  and  prominently  in  the  turbo  type,  due 
to  the  abnormal  conditions  in  its  design.    The  two  most  promi- 


1913)  LAMME:  TURBO- ALTERNATORS  27 

nent  difficulties  were,  first,  that  of  relatively  high  temperature 
in  the  buried  copper,  already  described,  and  second,  the  destruc- 
tion of  the  insulation  by  reason  of  static  discharges  between  the 
coils  and  the  armature  iron. 

Due  to  the  fact  that  the  ultimate  temperature  reached  in  such 
machines  not  infrequently  exceeds  the  safe  limits  for  insulation 
of  the  fibrous  or  cellulose  type,  such  insulations  will  show 
deterioration  eventually  in  their  insulating  qualities  and  their 
durability.  In  consequence,  with  the  advent  of  the  larger 
machines,  it  became  necessary  to  return  to  the  use  of  mica  for 
insulating  purposes  on  the  bimed  part  of  the  coil.  This  type 
of  insulation,  in  the  form  of  mica  wrappers,  had  been  used 
extensively  on  some  of  the  earlier  large  capacity,  low-speed 
generators,  but  it  had  not  been  adopted  on  large  turbo-generators, 
due  principally  to  the  difficulty  in  applying  the  very  long 
wrappers  for  the  straight  part  ot  the  coil.  However,  when  the 
gradual  deterioration  of  the  fibrous  type  of  insulation  was  noted 
in  large  turbo-generators,  the  mica  wrapper  type  of  insulation 
was  again  taken  up  and,  after  considerable  experiment,  was 
applied  successfully  for  the  outside  insulation  on  the  straight 
parts  of  the  coils.  This  use  of  mica  overcame  the  deterioration 
in  the  insulating  qualities  of  the  outside  insulation;  but  for 
a  while  it  was  considered  that  a  fibrous  type  of  insulation  was 
still  effective  between  turns  in  those  coils  where  there  were 
t'wo  or  more  turns  in  series  per  coil.  As  stated  before,  the 
insulating  qualities  of  many  fibrous  materials  will  stand  up 
astonishingly  well  under  low  voltages,  when  the  material  is 
apparently  so  greatly  heated  that  it  is  practically  carbonized. 
Therefore,  temperatures  which  did  not  carbonize,  but  simply 
browned,  or  darkened,  the  material,  had  not  been  considered 
dangerous,  and  tmdoubtedly  many  thousands  of  electrical 
machines  of  all  kinds  are  today  in  operation,  in  which  the 
insulation  is  in  this  condition,  and  in  which  no  trouble  need  be 
expected.  For  this  reason,  little  or  no  trouble  was  expected 
between  turns  on  the  turbo-generators.  However,  a  new  con- 
dition was  encountered  in  large  capacity  machines,  namely,  the 
insulation  between  turns,  when  it  became  dry  and  brittle  at  the 
higher  temperatures,  was  liable  to  be  injured  by  the  terrific 
shocks  to  which  the  coils  were  subjected  in  such  machines,  in 
case  of  a  short  circuit  across  the  terminals.  The  insulation  would 
be  cracked,  or  so  disturbed  that  short  circuits  would  occur  later, 
vnthout  apparent  cause.    These  short  circuits  on   large  machines 
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most  often  appeared  as  breakdowns  to  ground,  even  with  the 
mica  wrapper  insulation  on  the  outside  of  the  coil.  Incidentally, 
several  cases  were  discovered  where  arcs  had  occurred  inside 
the  coils  between  adjacent  turns,  and  where  they  had  not  yet 
broken  through  the  outer  insulation  to  ground.  For  many 
months  the  writer,  with  his  associates,  followed  up  this  matter, 
examining  all  available  coils  and  windings.  Eventually  the 
conclusion  was  reached  that  many  of  the  breakdowns  to  ground 
had  actually  started  between  turns  on  the  inside  of  the  coil. 
Moreover,  as  a  corroboration,  it  was  noted  that  in  machines 
with  one  conductor  per  coil  the  breakdowns  were  practically 
negligible.  This  investigation  led  to  the  practise  of  insulating 
the  individual  turns,  in  each  coil,  from  end  to  end,  with  mica 
tape.  After  the  adoption  of  this  practise,  it  is  noteworthy  that 
the  breakdowns  to  ground  practically  disappeared,  although 
the  outside  insulation  to  ground  had  not  been  changed  in  type 
or   thickness. 

Many  improvements  have  been  made  in  recent  times  in  the 
application  of  this  mica  insulation.  One  of  these  is  the  Haefely 
process,  developed  in  Europe,  but  now  being  used  extensively 
in  this  country.  By  this  process,  the  mica  wrappers  are  so 
tightly  rolled  on  the  coil  that  practically  a  solid  mass  of  insula- 
tion, of  minimum  thickness  and  greatest  heat  conductivity,  is 
obtained. 

By  means  of  the  mica  insulation,  the  temperature  difficulties 
in  general  have  been  entirely  overcome,  and  a  durable  and  non- 
deteriorating  construction,  from  an  insulation  standpoint,  has 
been  obtained  with  the  temperatures  which  appear  to  be  more 
or  less  inherent  in  the  large,  high-speed  turbo-generators. 

The  second  trouble,  namely,  that  due  to  static  discharges 
between  the  armature  copper  and  the  iron,  was  also  encountered 
to  a  certain  extent  on  some  of  the  earlier  machines.  It  was  found 
that  these  discharges  were  apparently  "  eating  "  holes,  or  even 
grooves,  through  the  outside  insulation  of  the  armature  coils. 
This  effect  was  most  pronounced  at  the  edges  of  the  air  ducts 
and  at  the  ends  of  the  armature  core,  where  edges  were  presented 
by  the  iron.  After  a  long  period,  the  holes  or  grooves  would 
become  so  deep  that  the  insulation  was  weakened  or  ruined. 

This  was  a  very  disturbing  condition,  when  it  was  once  fully 

recognized  and  ap])rcciate(l.     Again,  a  coni];rohensive  investi- 

jy^ation  was  nuulo  to  discover  a  cure  for  this  difficulty.     Various 

types  of  machines  and  windings  were  exammed.     It  was  noted 
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that  the  action  was  a  function  of  the  voltage  of  the  machine, 
but  was  noticeable,  in  some  cases,  at  relatively  low  voltages. 
During  the  course  of  the  investigations,  it  was  noted  that  where 
mica  wrappers  were  used  with  an  outside  layer  of  tape,  the  "  eat- 
ing away  '*  extended  only  through  the  outside  wrapping  in  as 
far  as  the  mica,  and  that  no  apparent  effect  at  the  mica  was 
visible.  Even  when  examined  with  a  very  powerful  microscope, 
no  evidence  of  any  puncture  of  the  mica  was  found,  in  any  case. 
These  investigations  naturally  led  to  the  conclusion  that  the 
most  suitable  remedy  for  the  trouble  was  the  use  of  mica  insula- 
tion, which  was  also  a  remedy  for  the  temperature  conditions. 
This  is  one  of  the  rare  cases  in  large  turbo-generators  where  two 
desirable  conditions  do  not  conflict  with  each  other.  The  mica 
insulation  on  the  buried  part  of  the  coil  has  now  been  very 
generally  adopted  in  this  country  on  high-voltage  machines, 
whether  of  the  turbine-driven,  or  any  other  type. 

This  static  trouble  was  considered  so  serious  at  one  time  that 
low- voltage  practise  with  step-up  transformers  was  ado])ted 
by  some  manufacturers  as  the  safest  course,  until  something 
positive  in  the  way  of  a  remedy  was  proved  out.  This  trouble 
promised  to  be  one  of  the  most  serious  encountered  in  high- 
voltage  generator  work,  and  even  threatened  to  revolutionize 
practise  in  winding  generators  for  the  higher  voltages.  However, 
as  consistently  advocated  by  the  writer,  the  use  of  mica,  suit- 
ably applied,  appears  to  have  entirely  overcome  this  trouble,  as 
evidenced  by  several  years'  experience,  and  all  indications  now 
are  that  there  need  be  no  fear  of  static  disrharges  on  windings 
of  11,000  and  13,000  volts.  Even  in  the  1 1,000-volt  New  Haven 
generators  with  one  terminal  grounded,  which  gives  the  equiva- 
lent of  a  19,000-volt,  three-phase  winding  with  the  neutral 
grounded,  the  mica  insulation  appears  to  be  successful  and  dur- 
able. 

Rotor  Insulation 

In  most  of  the  early  turbo-generators,  the  rotor  winding 
in  the  slots  was  insulated  with  fibrous  material,  *'  fish  paper  " 
and  **  horn  '*  fiber  having  the  preference.  One  of  the  difficulties 
in  the  rotor  is  that  the  insulation  between  the  wijiding  and  the 
slot  is  liable  to  be  crushed  or  cracked  by  the  high  centrifugal 
forces.  In  the  earlier  insulations,  before  fish  paper  was  used,  it 
was  found  that  even  at  very  moderate  temperatures  the  insula- 
tion got  dry  and  brittle,  aj)d  cracked  readily.  I^^ish  paper,  or 
horn  iiber,  was  then  adopted  j)retly  generally.     Such  material 
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apparently  stood  much  higher  temperatures  than  the  ordinary 
fibrous  insulations.  However,  experience  also  showed  that 
eventually  this  also  became  brittle,  and  was  liable  to  be  cracked, 
and  then  displaced,  due  to  the  centrifugal  forces.  There  is 
always  the  possibility  of  a  small  amount  of  movement  in  the 
field  coils  when  a  machine  is  being  brought  up  to  speed,  and  this 
movement,  in  itself,  may  eventually  damage  the  insulation  if 
it  is  at  all  brittle. 

As  the  capacities  and  speeds  of  turbo-generators  were  increased 
and  the  space  limitations  for  the  rotor  windings  became  more 
pronounced,  the  resulting  higher  normal  temperattu*es  led  to 
the  adoption  of  mica  for  the  insulating  material  in  the  slots  with 
either  mica  or  asbestos  for  the  insulation  between  turns.     As 
the  voltage  between  adjacent  turns  is  always  extremely  low, 
what  is  needed  is  really  a  durable  separating  medium,  rather 
than  an  insulation,  this  medium  being  one  which  will  not  become 
crisp   or  brittle   at  fairly  high  temperatures.     Asbestos   has 
served  for  this  purpose  very  effectively,  and  even  has  some 
advantages  over  mica,  as  the  latter  must  be  applied  in  relatively 
small  pieces  in  the  form  of  strap  or  tape,  and  the  individual 
pieces  are  more  readily  displaced  or  shifted  than  is  the  case 
with  asbestos.     Some  very  severe  tests  have  been  made  in 
order  to  determine  the  possibilities  of  such  rotor  insulation. 
In  one  case,  a  turbo  rotor  thus  insulated  was  run  at  full  speed  for 
over  40  hours,  with  such  a  current  that  the  rise  by  resistance 
in  the  rotor  copper  was  about  250  deg.  cent.     It  was  the  in- 
tention to  continue  this  test  very  much  longer,  but  the  conduc- 
tion of  heat  from  the  winding  to  the  core,  and  thence  through 
the  shaft  to  the  bearings,  was  such  that  finally  the  bearings 
became  overheated  and  gave  out.  After  this  test,  the  winding  was 
carefully  dismantled,  and  no  evidence  of  any  injury   to  the 
insulation  could  be  discovered.     Of  course,  such  temperatures 
are  not  recommended  in  turbo  rotor  practise,  but  this  was 
simply  an   attempt   to  find  a   temperature  limitation.      If   a 
designer  wants  to  find  the  facts  in  any  apparatus,  he  will  obtain 
the  most  valuable  information  if  he  operates  the  apparatus 
up  to  the  point  of  destruction.     He  thus  fixes  a  limit  which 
he  must  keep  below. 

The  use  of  mica,  or  mica  and  asbestos,  on  turbo  rotors  has 

been  very  generally  adopted  in  this  country  at  the  present  time, 

and  it  may  be  said  that,  within  the  writer's  experience,  no  case 

of  destruction  of  one  at  these  windmgs  ttvtou^Vi  heating    has 
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come  to  his  notice,  although  a  great  number  of  them  have 
been  in  service  for  a  relatively  long  time.  In  many  of  the  older 
machines  with  fish  paper  insulation  in  the  rotors,  the  conditions 
of  ventilation  and  the  normal  ratings  of  the  machines  were 
such  that  the  maximum  temperatures  in  the  rotor  windings 
were  relatively  much  less  than  in  present  practise.  It  may  there- 
fore be  said  that  the  use  of  mica  in  the  rotor  has  been  largely 
due  to  the  introduction  of  the  larger  capacities  and  higher  speeds. 

Losses  in  Turbo-Alternators 

The  total  iron  and  copper  losses  in  a  large,  high-speed  turbo- 
alternator  are  in  general  no  higher  than  in  a  corresponding 
capacity  low-speed  machine. 

As  far  as  the  iron  losses  are  concerned,  no  further  comment 
need  be  made  than  that  the  magnetic  flux  densities  in  general 
are  somewhat  lower  than  in  lower  speed  machines  of  the  same 
frequency,  and  therefore  the  losses  per  unit  volume  of  material 
are  no  larger. 

The  total  armature  copper  losses  in  turbo-alternators,  as  a 
rule,  are  considerably  smaller  than  in  corresponding  capacity 
machines  of  the  moderate  or  low-speed  types.  This  is  due  partly 
to  the  use  of  a  smaller  total  number  of  conductors,  and  partly 
to  a  lower  current  density  in  the  armature  conductors.  As 
brought  out  before,  in  a  narrow  core  machine,  a  considerable 
portion  of  the  buried  copper  heat  may  be  conducted  lengthwise 
of  the  conductor  into  the  end  winding,  and  there  dissipated 
into  the  air.  In  the  turbo-generator,  with  its  much  wider 
core  and  greater  distance  from  the  buried  copper  to  the  end 
windings,  a  smaller  percentage  of  the  buried  copper  heat  will 
be  conducted  into  the  end  windings.  To  partly  compensate 
for  this,  it  is  usual  to  work  the  armature  copper  in  the  turbo- 
generators at  a  lower  current  density,  and  therefore  at  a  relatively 
lower  total  copper  loss.  This  is  somewhat  of  a  handicap  in  the 
economical  design  of  the  generator,  as  extra  space  is  thus  required 
for  the  armature  winding.  In  some  of  the  earlier  machines,  the 
armatiu^  conductors  were  made  of  solid  copper  bars  of  relatively 
large  section,  partly  for  stiffening  or  bracing  the  end  windings, 
as  will  be  referred  to  later.  With  these  solid  conductors  there 
was  a  very  considerable  loss  in  the  buried  copper  due  to  eddy 
currents.  To  compensate  for  this,  the  armature  conductors 
were  made  very  large  in  section,  so  that  the  current  density, 
due  to  the  work  current  alone,  was  very  low  compared  with 
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practise  in  other  tyi>es  of  machines.  On  account  of  the  com- 
paratively large  section  of  armature  conductors,  the  conduction 
of  heat  from  the  buried  copper  to  the  end  windings  was  relatively 
lar^e.  In  some  of  these  earlier,  large  capacity  machines, 
the  nominal  current  density  in  the  armature  conductors  was 
so  low,  and  the  section  of  conductors  so  great,  that  the  total 
burieii  copper  loss,  due  to  the  work  current,  could  be  carried 
fn>m  the  burieti  part  of  the  coils  into  the  end  ^nndings  with  a 
ciniiparativoly  small  drop  in  temj:)erature,  so  that,  if  there  had 
Ixvn  no  eiidy  currents  present,  the  buried  copper  would,  have 
sliowii  loss  rise  than  the  iron.  Any  considerable  rise  which 
iKVuntni  was  thus  chargeable  to  eddy  currents  in  the  buried 
amductors,  rather  than  to  the  work  current.  While  such  con- 
struction was  fairly  ctTectivo  for  the  purpose,  yet  it  was  decid- 
edly unocvn\on\ical  in  design,  as  indicated  before.  In  fact, 
with  later  prv^jx^rtions  and  methods  of  design,  the  safe  outputs 
of  s*.>me  i^f  the  o;u-lior  machines  could  easily  be  50  to  75  per  cent 
grvator,  largely  on  aovxnm:  of  elimination  of  eddy  currents  and 
imprv^vomout  in  moiht^His  of  dissii>aiing  heat  from  the  end  wind- 
ings. In  many  of  the  older  machines,  the  ventilation  of  the 
end  windings  was  no;  ntariy  as  efiective  as  in  modem  types, 
due  prinoij>ally  :v>  U:o  tonu  and  arrangement  of  the  end  con- 
mvtv^rs.  Usually  air  s:v4vvs  werv  ailoii-ed  between  adjacent 
vxnls.  ;ilt hough,  in  s<nne  i::s:anvx^.  :hese  were  so  small  as  to 
give  but  li;tle  lvr.cn:.  Mv>n.wer.  in  :r.any  cases,  the  t>'pe  of 
etui  wiTuiir.;:  o:r.:  Iv^vcv:  r^"::viervvi  ;hese  air  si^aces  between  coils 
riiiher  ineitev:ivt\  ur.Ioss  sixvi.iI  means  wen»  taken  to  deflect 
;he  air  *x*:\voen  :ho  v\»il>.  \V*.:h  laicr  v\>::s:ractions,  the  end 
wiudr.igs  lie  !::v>rv^  v^r  U'^:?^^  av:rvX>s  :he  vath  of  :he  ventilating  air, 
a:v.  :herv  a:v  a^v.vlc  v^ix^r.t::;:s  lv:\vxv::  :he  vx^ils,  so  that  a  verv 

:hK^  vv*l<  V :  :h^*  cr.vl  \\v,:v*I:rj:>  :::  >:.:oh  a  way  as  :o  gix-e  the  maxi- 
tv-utv.  ivcssiM-o  \x:nv.I,*:tvr,  Wh^n  ::  :<  vvr,s^d^revi  ihai  the  total 
anr-a:x:T\'  v\  v^xr  l.iss^  -vrav  Ix'  v  r.I .  A^  -.x^r  vxrn:  .^c  :be  ;otal  stator 
Xn:?s  ::  >\V,I    N*  :kxr-  ".ha:  ar.  <\\vX':?5>iVv*  arrjctin;  oc  air  is  not  re- 


H' 

Muvh  ^r..r:   >,*vS  ,xvu  iwx-vxx:  :-   v^.::v.r.jL:in^  or  reducing 

::>e  xxii>    ov.r\' -,  losss^   .t:  :  x   Vur^.vl  .vc ^xr  oc    larv:e    turbo- 

j(Xixra:.r<.  ^  .*xL;  ,;>  v  .  ;:vr  ;. vv<  .;:  .jtr^x  v^ju \iN.-:y oliernators. 

r;::s-?*r  ^xl.v*  v**^r,v:  :>  a:\  .L^v  ,.    ;.v,  s^cr.xs.  rj^r^seCy.  Uie  alter- 
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ttims  per  slot,  and  secondly,  the  magnetic  fringing  from  the 
rotor  pole  face  into  the  open  armature  slots.  In  some  instknces, 
tests  have  indicated  that  the  local  e.m.fs.  set  up  in  the  armature 
conductors  by  the  flux  through  the  slot  opening  arc  very  consider- 
ably greater  than  those  due  to  the  flux  across  the  slot.  Obviously, 
with  partially  closed  slots,  this  fringing  into  the  top  of  the  slot 
should  be  practically  absent. 

The  simplest  remedy  for  the  eddy  currents  set  up  by  these 
local  e.m.fs.  is  to  subdivide  the  conductors  into  a  number  of 
^^-ires  or  conductors  in  parallel,  so  arranged  or  connected  that 
the  local  e.m.fs.  oppose  and  to  a  great  extent  balance  each 
other.  This  opposition  may  be  obtained  by  special  arrangement 
of  the  conductors  in  each  individual  slot,  or  parallel  conductors 
in  the  two  halves  of  a  complete  cod  may  be  connected  in  oppo- 
sition to  each  other.  Some  of  these  arrangements  do  not  com- 
pletely balance  the  opposing  e.m.fs.,  but  they  include  the  resist- 
ance of  the  complete  coil  in  the  eddy  current  circuit,  so  that  the 
eddy  losses  are  not  only  very  materially  reduced,  but  they  are 
distributed  over  the  entire  coil,  including  the  end  windings,  which 
condition,  in  itself,  represents  a  very  material  improvement. 

Protection  Against  Fire 

An  important  problem  connected  with  the  insulation  of 
large  turbo-generators  is  found  in  the  fire  risk,  or  danger  of 
destruction  of  the  end  windings  due  to  starting  an  arc  at  some 
point.  On  account  of  the  tremendous  ventilation  in  such 
machines,  a  fire,  if  once  started,  may  quickly  ruin  the  entire  end 
winding.  An  extended  investigation  was  made,  with  a  view 
to  providing  an  insulation  which  would  not  bum  rapidly. 
Among  other  tests,  the  end  windings  were  finished  on  the  out- 
side with  an  asbestos  covering  or  tape.  However,  such  tape 
requires  some  sort  of  sealing  varnish,  or  material  to  fill  its  pores, 
to  keep  it  from  absorbing  moisture  or  oil.  The  tests  showed  that 
if  a  fire  was  once  started,  combustion  would  be  maintained  by 
the  gases  liberated  by  the  "  gasification  '*  of  the  varnishes  and 
other  material  in  the  end  windings,  whether  the  coil  was  covered 
with  asbestos  or  not.  No  covering  which  was  tested  appeared 
to  be  very  effective.  Although  some  outside  covering  might  be 
found  which  would  be  slightly  effective  in  preventing  fire  from 
starting  so  readily,  yet,  if  once  started,  it  appears  that  a  fire 
can  very  easily  maintain  itself  in  such  machines.  Eventually, 
the  conclusion  was  reached  that  the  safest  course  would  be  to 
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provide  suitable  closing  doors  or  valves  in  the  air  inlets  to  com- 
pletely shut  off  the  incoming  air  to  the  machine.  In  addition, 
suitable  doors  on  the  air  outlets,  where  they  can  be  applied, 
should  also  be  helpful,  by  retaining  the  smoke  and  burnt  gases 
inside  the  machine,  which  thus  assist  in  smothering  the  flames. 
The  use  of  fire  extinguishers  of  the  gaseous  type  will  usually 
be  rather  ineffective,  unless  the  incoming  air  and  ventilation  is 
practically  cut  off.  For  instance,  with  60,000  cu.  ft.  (1698  cu. 
m.)  of  air  per  minute  passing  through  a  large  machine,  the 
addition  of  a  little  gas  for  extinguishing  the  fire  would  hardly 
make  any  impression.  In  one  instance,  in  attempting  to  extin- 
guish a  fire,  an  effort  was  made  to  feed  the  gas  in  against  the 
ventilating  pressure  of  the  fans.  Obviously,  this  would  not 
work,  and  then  a  hose  was  used  in  order  to  get  enough  pressure 
to  counteract  the  fan  action.  Although  the  fire  was  extinguished, 
the  resultant  effect  of  fire  and  the  high  pressure  water  was  that 
new   insulation  was  required. 

Regulation  and  Short-Circuit  Characteristics 

It  has  been  known  for  many  years  to  designers,  that  alterna- 
ting-current generators  can  give,  at  the  instant  of  short  circuit, 
a  much  greater  current  than  that  which  they  will  give  on  con- 
tinued short  circuit.  The  first  emphatic  e\4dence  of  this,  in  the 
writer's  experience,  was  in  connection  with  the  first  Niagara 
generators  in  1894.  Upon  short-circuiting  one  of  these  machines 
at  full  speed  and  normal  voltage,  the  results  indicated  a  current 
rush  so  great  that  it  was  apparent  that  it  was  limited  only  by 
the  armature  self-induction,  and  not  by  the  so-called  synchronous 
reactance.  Later,  after  being  put  into  actual  commercial 
service,  it  was  found  necessary-  to  brace  the  end  windings  on  these 
machines.  However,  at  that  time,  no  suitable  instrument, 
such  as  the  oscillograph,  was  available  for  determining  the 
conditions  on  short  circuit,  and  the  phenomena  did  not  permit 
of  much  experimental  investigation. 

Similar  e\'idence  was  found  from  time  to  time,  as  in  the  first 
Manhattan  Elevated  engine  type  generators,  which  bent  their 
end  windings  out  of  shape  on  a  dead  short  circuit.  But  the  real 
possibilities  for  trouble  in  this  matter  did  not  develop  until 
the  large  capacity  turbo-generators  came  into  use.  In  these 
machines,  the  armature  ampere-turns  per  pole  are  so  high, 
compared  with  moderate  speed  alternators,  that  the  stresses 
due  to  the  stray  magnetic  fields  on  short  circuit  are  much  greater 
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than  the  natural  rigidity  of  the  end  windings  will  withstand. 
The  manufacturer  of  such  apparatus,  without  data  of  any 
quantitative  value  at  hand,  did  not  fully  recognize  the  real 
weakness  in  the  end  windings  until  disaster  overtook  them.  Even 
then  it  was  a  long  and  difficult  undertaking  to  overcome  the 
trouble.  All  kinds  of  designs  of  end  supports  and  various  ar- 
rangements of  end  windings  were  tried,  with  more  or  less  success. 
But  each  new  step  in  the  increase  in  capacity  opened  up  the 
problem  again.  It  was  soon  noted  that  those  armature  windings 
which  were  made  up  of  cable  or  small  wires,  suffered  most  on 
short  circuit,  and  for  a  while  there  was  a  tendency  on  the  part 
of  some  manufacturers  to  use  heavy,  solid  conductors  to  give 
rigidity  in  the  end  windings.  This  was  effective  within  certain 
limits,  but  was  very  expensive  from  the  design  standpoint,  as, 
on  account  of  eddy  currents  in  the  buried  copper,  it  was  neces- 
sary to  work  at  a  very  low  current  density,  which  was  not 
economical  in  winding  space. 


Fig.  20 


In    this    country,    the    types   of   armature   windings   finally 

narrowed  down  to  the  open-slot  construction,  usually  with  an 

upper  and  lower  coil  per  slot,  with  the  end  winding  arranged 

in  two  layers,  similar  to  d-c.  armature  windings,  or  the  common 

induction  motor  primary  windings.     This  turbo  end  winding 

was  extended  at  various  angles  to  the  axis  of  the  machine  from 

almost  parallel  up  to  90  deg.,  as  shown  in  Fig.  20.    The  principal 

survivor  of  these    types  is  one  which  extends  at  some  angle 

between  30  and  60  deg.  to  the  axis.    There  are  several  reasons  for 

this — first,  it  allows  a  very  substantial  bracing  to  be  applied  to 

the  end  windings.     Second,   the  stray  fields  around  the  end 

windings  do  not,  to  any  extent,  cut  the  adjacent  solid  parts, 

such  as  the  end  housings,  stator  and  end-plates,  etc.    An  angular 

position  of  approximately  45  deg.  seems  to  be  a  good  compromise 

on  these  points.    Ample  supports,  as  shown  in  Fig.  21,  can  be 

applied  /or  bracing  the  windings  against   movement   in   any 
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direction.  Such  end  windings  are  usually  braced  against  metal 
supports  attached  to  the  stator  end-plates.  The  coils  are  so 
clamped  to  the  racks,  and  are  so  braced  against  each  other  that 
the  windings  will  sustain  a  dead  short  circuit  across  the  terminals, 
even  in  the  largest  capacity  machines,  without  injury. 

On  some  recent  large  turbo-generators,  the  end  windings  have 
been  further  strengthened  by  double  metal  racks  between  the 
two  layers  of  windings,  so  arranged  as  to  key  these  two  layers  se- 
curely to  one  another  at  certain  points.  Moulded  mica  troughs 
are  placed  around  the  coils  as  an  extra  insulation  from  the  metal 
racks.  By  this  keying  of  the  two  layers  to  one  another,  the 
winding  as  a  whole  is  stiffened,  quite  irrespective  of  any  other 
clamping  arrangement.  In  fact,  this  is  practically  equivalent  to 
putting  the  end  windings  in  rigidly  held  slots,  thus  approaching 
the  conditions  which  obtain  in  the  buried  part  of  the  coil. 

In  order  to  limit  the  momentary  short-circuit  current,  the 
armature  reactance  is  now  usually  made  as  large  as  the  conditfon 
of  the  design  will  permit.  This  naturally  means  high  ampere- 
turns  per  pole,  which  in  turn  means  high  synchronous  reactance, 
and  consequently  poor  inherent  regulation  of  the  machine, 
especially  on  inductive  loads.  This  can  be  illustrated  by  the 
following  example :  Assume  a  5000-kw.  unit  of  an  earlier  design, 
which  can  give  25  times  full  load  current  on  momentary  short 
circuit.  By  certain  improvements  in  the  design  of  the  armature 
coils,  such  as  the  use  of  deeper  slots,  better  subdivision  of  the 
copper  to  eliminate  eddy  currents,  improved  ventilation  and 
conduction  of  heat,  etc.,  the  capacity  of  the  machine  is  assumed 
to  be  increased  to  10,000  kv-a.,  the  number  of  armature  turns 
remaining  the  same  as  before.  It  is  evident  that  when  short- 
circuited,  the  revised  machine  will  give  the  same  total  current 
as  on  the  former  rating,  which,  however,  is  only  12J  times 
the  rated  current  on  the  new  capacity  basis.  Obviously,  the 
end  winding  stresses  are  no  greater  than  before,  although  the 
nominal  capacity  has  been  doubled,  and  if  it  were  possible  to 
brace  the  end  windings  satisfactorily  with  the  former  rating, 
the  same  bracing  should  be  effective  on  the  new  rating.  This 
illustrates,  roughly,  what  is  taking  place  in  later  designs,  although 
the  steps  in  the  change  may  not  be  just  those  mentioned.  Again, 
in  the  above  example,  it  is  obvious  that,  with  the  new  rating, 
the  inherent  regulation  at  full  load  is  the  same  as  at  100  per 
cent  overload  on  the  old  rating,  which  means  that  it  is  relatively 
poor.    Another  way  to  express  this  is,  lV\al  \\ve  o\d  Ta.lvtv^  might 
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give  2\  times  full  load  current  on  steady  short  circuit,  while  the 
new  rating  gives  IJ  times. 

This  condition  of  poorer  regulation  is  inherent  in  the  newer 
practise,  but  is  apparently  acceptable  to  the  users  of  such 
apparatus,  for  a  variety  of  reasons  which  do  not  come  within 
the  province  of  this  paper. 

Conclusion 

The  foregoing  covers,  in  a  general  way,  many  of  the  problems 
encountered  in  large  turbo-generators,  and  defines  the  situation 
as  it  stands  at  present. 

It  may  be  suggested,  in  connection  with  the  temperature 
problem,  that  the  high  temperatures  obtained  are  due  to  forcing 
the  construction  too  far;  but,  in  answer,  it  may  be  stated  that 
it  is  forced  no  further  in  this  feature  than  in  many  others.  The 
whole  design  has  been  carried  far  beyond  the  most  economical 
construction,  from  the  generator  standpoint  alone.  In  fact,  the 
whole  machine  is  more  or  less  a  compromise  between  desirable 
conditions  as  a  generator,  and  most  economical  condition?  as 
part  of  a  combined  turbine  and  generator  unit.  It  may  be 
added  that  the  ultimate  limits  in  construction  and  capacity  will 
be  obtained  only  when  the  steam  turbine  conditions  are  satis- 
fied, and  there  are  indications  that  possibly  this  result  is  being 
approached  now  with  the  present  high  speeds. 

There  is  one  small  consolation  in  all  the  confusion  of  develop- 
ment which  has  attended  the  turbo-generator  work,  in  the  few 
years  it  has  been  with  us,  namely,  the  question  of  choice  of 
speed  has  been  practically  eliminated.  For  25  cycles,  there 
remains  only  one  speed,  namely  1500  revolutions,  with  two 
poles,  from  the  smallest  unit  up  to  25,000  kv-a.  as  a  possible 
upper  limit.  For  60  cycles,  up  to  5000  kv-a.,  two-pole  machines 
at  3600  revolutions  are  being  furnished,  while  from  this 
capacity  up  to  20,000  kv-a.  four  poles  may  be  used. 

It  will  be  evident  to  any  reader  of  this  paper  that  the  designers 
of  large  turbo-alternators  have  had  a  strenuous  time  during  the 
past  few  years — very  much  more  so  than  is  indicated  herein,  for 
their  successes  rather  than  their  failures  have  been  discussed. 
In  fact,  much  of  the  time  they  have  been  working  ahead  of  their 
data  and  experience.  In  presenting  this  situation  from  the 
design  point  of  view,  it  is  hoped  that  a  better  and  clearer  under- 
standing of  the  inrho-generator problem  will  be  obtained  by  all 
who  aJTP  interested  in  such  apparatus. 
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Discussion  on  "  High-Speed  Turbo-Alternators — Designs 
AND  Limitations  "  (Lamme),  New  York,  January  10, 
1913. 

Henxy  G.  Reist:  The  author  has  treated  this  subject  so 
fully  that  it  leaves  even  those  of  us  who  have  spent  a  good  part 
of  our  lives  on  this  work  very  little  to  add.  He  has  weighed 
the  different  methods  of  construction  so  carefully,  accurately 
and  fairly  that  there  is  very  little  room  for  controversy,  so  what 
I  have  to  say  will  be  very  brief  and  a  part  of  it,  at  any  rate,  will 
be  in  the  way  of  a  slight  further  explanation  of  some  of  the 
methods  cf  construction.  The  author  limits  the  size  of  a  two- 
pole  machine  of  3600  rev.  per  min.  with  a  through  shaft  to 
about  600  kv-a.  That  is  probably  near  the  limit,  if  a  solid  shaft 
is  used ;  but  by  the  use  of  a  flexible  shaft,  that  is,  a  shaft  which  al- 
lows the  rotor  to  run  above  the  critical  speed,  the  limits  of  output 
may  be  very  materially  increased.  This  is  similar  to  the  oper- 
ation of  the  de  Laval  turbine,  which  in  starting  nuis  through  a 
preliminary  stage  where  it  is  not  quite  as  steady  as  afterward, 
and  then  gets  down  to  a  perfectly  quiet  state.  This  construction 
does  not  require  so  large  a  shaft  as  if  the  machine  were  operated 
below  the  critical  speed,  and  it  is  possible  considerably  to 
increase  the  limit  of  size.  There  are  today  a  great  many  ma- 
chines running,  constructed  on  this  plan,  of  from  1000  to  2000 
kw.  in  capacity,  at  3600  rev.  per  min. 

The  virtue  of  radial  slots  in  rotors  is  well  brought  out  in  the 
paper.  As  the  author  points  out,  the  stresses  in  the  steel 
part  of  the  rotor  are  all  in  tension,  because  the  parts  are  radial, 
and  there  is  no  bending  stress  in  the  teeth ;  the  radial  slot  design 
also  allows  the  copper  to  be  placed  with  the  broad  side  against 
the  next  turn,  so  that  no  stresses  come  on  the  edges  or  comers 
of  the  copper.  This  is  partictdarly  advantageous  where  the  ends 
of  the  coils  are  carried  by  a  steel  end  ring.  By  having  the 
ends  of  the  coils  radial,  there  is  no  side  strain  and  comparatively 
little  blocking  is  required  to  hold  the  coils  securely  in  place. 

Another  point  I  might  mention  is  that  while  a  high  grade  of 
steel  is  used  for  making  the  weldless  rings  for  supporting  the 
windings,  there  does  not  yet  seem  to  be  any  opportunity  of 
making  use  of  the  higher  grades  of  steel  available,  for  the  reason 
that  the  modulus  of  elasticity  of  the  various  grades  of  steel  is 
about  the  same,  and  with  a  given  stress  in  the  ring  the  elongation 
will  be  approximately  the  same,  whatever  grade  of  steel  is  used. 
In  order  to  avoid  the  ring  loosening  at  high  speed  due  to  elonga- 
ting, it  should  be  placed  on  the  rotor  with  a  stress  equal  to, 
or  greater  than,  that  to  which  it  will  be  subject  while  it  is  running. 
This  is  usually  accomplished  by  heating  the  ring  and  shrinking  it 
on.  To  enlarge  it  to  the  diameter  it  will  have  while  in  oper- 
ation, requires  heating  to  a  temperature  likely  to  injure  the  in- 
sulation while  placing  it  into  position.  For  this  reason  it  is  not 
desirable  to  go  to  the  extreme  in  the  stress  which  might  be  carried 
on  these  parts  with  the  materials  at  Yvatvd. 
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As  the  author  points  out,  one  of  the  big  problems  in  connection 
with  the  construction  of  turbo-generators  is  ventilation,  and  this 
is  generally  accomplished  by  subdividing  the  parts,  and  getting 
the  air  to  move  as  rapidly  over  as  large  a  surface  of  as  many  of 
the  parts  as  possible.  I  agree  with  the  author  that  it  is  really 
surprising  what  good  results  are  obtained  in  this  way. 

The  static  discharge  on  coils  is  a  trouble  that  is  more 
prevalent  than  we  generally  appreciate — ^this  corona  appears 
at  much  lower  potentials  than  we  ordinarily  suppose,  with  thick 
as  well  as  with  thin  insulation.  But,  fortunately,  it  usually  does 
not  do  much  damage,  for  the  process  of  oxidation  is  so  slow 
that  it  extends  over  a  very  long  time.  As  far  as  my  experi- 
ence goes,  I  do  not  recall  any  machine  that  was  badly 
affected,  that  gave  serious  trouble,  in  a  period  of,  say, 
less  than  six  to  ten  years — and  this  with  high-potential  coils, 
12,000  and  13,000  volts,  and  in  some  cases  with  fabric  and 
varnish  insulation.  Probably  if  the  coils  were  hot,  the  injury  from 
thissource  would  be  very  rapidly  increased,  since  the  corona  pro- 
duces an  active  form  of  oxygen  which  attacks  the  instdation 
chemically,  and  we  know  that  chemical  action  is  much  more 
active  when  parts  are  heated  than  when  they  are  cool. 

Mica  insulation,  as  it  is  made  up  for  use  for  electrical 
purposes,  is  a  composite  material.  It  is  built  up  of  paper, 
usually,  and  a  varnish,  generally  shellac,  and  mica.  A 
good  part  of  the  thickness  of  the  insulation  consists  of  other 
material  than  mica,  in  many  cases  as  much  as  50  per  cent. 
These  other  materials,  as  we  use  them  at  present,  are  similar 
in  behavior  to  cotton  cloth  or  varnish.  That  is,  they  do  not 
resist  high  temperature  and  they  will  char.  So  that  even  a 
mica  insulation,  as  built  up,  will  have  parts  of  it,  that  is,  the  inter- 
stices between  the  pieces  of  mica,  char  in  subjecting  it  to  high 
temperatture,  and  we  may  expect  that  the  corona  will,  even  with 
mica  coils  (since  they  have  the  other  combined  materials  in  them) 
attack  the  mica  insulation  very  much  more  rapidly  if  it  is  hot 
than  if  cool,  because  the  other  insulations  will  char.  I  think  that 
some  time  we  shall  overcome  this,  because  we  shall  probably 
obtain  a  varnish,  perhaps  a  synthetic  varnish,  or  wax,  or 
gum,  that  will  not  be  affected  by  the  temperature  at  which 
our  ordinary  organic  materials  char.  Then  probably  it  will 
be  advisable  to  go  to  higher  temperatures,  but  until  that  time 
arrives  I  believe  it  is  well  to  confine  our  heating,  so  far  as  possible, 
to  points  below  100  deg.  cent. 

In  conclusion,  I  want  to  say  just  one  word  in  regard  to  regula- 
tion, and  that  is,  there  does  not  seem  to  be  any  great  advantage  in 
good  inherent  regulation.  I  think  I  may  say  that  this  applies  to 
almost  all  classes  of  alternating-current  generators,  because  the 
best  regulation  that  we  can  produce  in  any  machine  will  not  be 
good  enough  for  commercial  use  in  lighting,  so  that  it  is  desirable 
to  maintain  constant  potential  either  by  hand  or  automatic  regu- 
lation;   the  latter,    of  course,    being  ordinarily   much  better. 
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Now,  if  we  have  to  regulate,  we  might  just  as  well  have  poor 
inherent  regulation  of  the  generator,  to  obtain  the  various  ad- 
vantages, such  as  lower  cost,  higher  efficiency,  and  particularly 
on  the  machines  that  we  are  discussing,  much  better  protection 
against  injury  from  short-circuit,  so  that  we  should  practically 
eliminate  the  idea  that  we  care  about  any  special  degree  of 
regulation  in  this  class  of  machine. 

R.  B.  Williamson :  As  Mr.  Lamme  has  pointed  out,  the  design 
of  a  turbo-alteniator  is  essentially  an  abnormal  one  from  the 
electrical  point  of  view,  and  the  high  speed  combined  with  large 
output  is  a  necessity  imposed  by  the  steam  end  of  the  unit. 
It  is  generally  recognized  that  for  a  given  output  there  is  a 
certain  speed  at  or  near  which  the  most  economical  design  is 
obtained.  Such  conditions  arc  frequently  approached  in  water- 
wheel  generators  of  large  output.  In  turbo-generators  the  speeds 
are  far  beyond  the  point  best  suited  to  economical  design  and 
these  excessive  speeds  are  indirectly  responsible  for  the  difficulties 
encountered  in  the  way  of  heating,  ventilation,  etc. 

The  coils  in  the  radial  slot  type  of  rotor  do  not  interfere  with 
the  shaft  in  cither  the  two-i)ole  or  four-pole  machines.  So  far 
as  the  coils  arc  concerned,  there  is  nothing  to  prevent  the  use 
of  a  through  shaft,  whereas  in  the  two-pole  parallel  slot  type  a 
through  shaft  cannot  be  used  unless  some  of  the  copper  space  on 
each  side  of  the  rotor  is  sacrificed  (see  Fig.  10  of  the  paper). 
Bolted-on  stub-shafts  therefore  have  a  special  advantage  in 
this  type  of  rotor.  However,  the  possibilities  of  the  radial  slot 
rotor  with  a  through  shaft  lie  much  beyond  the  limits  stated  on 
the  second  page  of  the  paper.  In  the  case  of  3600-rev.  per  min., 
two-pole  machines,  generators  of  1250  kv-a.  output  with  through 
shaft  have  been  built  and  successfully  operated. 

In  large  25-cycle  two-pole  machines,  a  generator  of  12,000 
kv-a.  output  having  a  through  shaft  has  recently  been  built 
and  tested.  A  number  of  60-cycle  1800-rev.  per  min.  gen- 
erators ranging  from  5000  to  10,000  kv-a.  have  been  built  with 
through  shafts  and  are  in  successful  operation.  Of  coiu'se  these 
machines  operate  above  their  critical  speed,  and  it  has  been  found 
that  such  rotors  are  easier  to  balance  and,  if  anything,  run 
more  smoothly  than  rotors  of  similar  design  that  operate  below 
their  critical  speed. 

As  regards  peripheral  speeds,  these  are  abnormally  high  at 
best,  and  the  lower  they  can  be  kept  without  interfering  with  the 
design  in  other  respects,  the  better  will  be  the  result.  In  the 
past,  peripheral  speeds  have  been  pushed  higher  than  necessary 
in  some  machines,  and  better  results  have  been  obtained  by  im- 
proving the  ventilation  and  dropping  back  to  smaller  diameters 
and  greater  axial  length.  A  marked  reduction  in  windage  loss 
with  corresponding  increased  efficiency  has  thus  been  obtained. 

As  Mr.  Lamme  has  clearly  pointed  out,  the  problem  of  ven- 
tilation is  by  no  means  an  easy  one,  since  the  volume  of  air  to 
be  handled  is  so  large  and  the  space  in  which  the  heat  is  liberated 


19131  DISCUSSION  AT  NEW  YORK  41 

is  so  limited.  So  far  as  the  rotor  is  concerned,  the  statement  on 
page  13  regarding  heat  dissipation  from  the  rotor  surface  is 
fully  borne  out  by  numerous  tests.  If  the  rotor  winding  is 
designed  so  that  the  heat  can  readily  pass  from  the  copper  to  the 
iron  and  thence  to  the  outer  surface,  it  can  be  removed  by  the 
scrubbing  action  of  the  air,  which  is  very  effective  at  these 
high  peripheral  speeds.  Air  ducts  in  the  rotor,  particularly 
radial  ducts,  are  of  doubtful  advantage.  They  are  usually  much 
restricted  at  the  roots  of  the  rotor  teeth  and  as  some  oil  vapor 
always  gets  into  a  machine  sooner  or  later,  the  dirt  sticks  in 
these  small  openings  and  shuts  them  off.  The  duct  thus  be- 
comes a  dead  air  space,  which  is  worse  than  the  solid  metal  so 
far  as  getting  rid  of  heat  is  concerned,  although  when  the  machine 
is  new  it  may  be  fairly  effective.  The  loss  in  the  rotor  is  not 
large,  and  if  an^ample  supply  of  air  is  provided  at  the  surface 
the  scrubbing  action  will  remove  the  heat,  and  the  ducts  are 
not  necessary  so  far  as  the  rotor  itself  is  concerned. 

The  disadvantages  of  the  circumferential  method  of  ventila- 
tion mentioned  near  the  bottom  of  page  10  have  been  entirely 
overcome  by  providing  a  sufficient  number  of  multiple  paths 
for  the  air  currents  in  the  stator.  This  shortens  the  paths  and 
decreases  the  amount  of  air  to  be  passed  through  any  one  sec- 
tion back  of  the  teeth,  thus  reducing  the  velocities  in  the  ducts. 
The  plan  shown  in  Fig.  14,  which  may  be  termed  a  two-path 
scheme,  was  satisfactory  for  machines  of  moderate  output, 
and  by  carrying  Fig.  16  still  further  and  making  say  a  6-,  8- 
or  even  12-path  arrangement,  very  even  and  effective  cooling 
is  obtained,  which  enables  long  machines  to  be  built  which  will 
be  well  ventilated  at  the  central  part.  In  this  plan  there  is 
practically  no  interference  of  ^ir  currents,  i^articularly  when  the 
rotor  is  made  without  ducts,  and  as  the  air  blows  radially  inwards 
at  several  points  against  the  surface  of  the  rotor,  the  latter  is 
well  cooled. 

In  some  cases  the  use  of  a  separate  blower  may  be  desirable 
for  large  units,  but  by  careful  design  a  fairly  good  efficiency  can 
be  obtained  in  turbo  fans,  and  it  is  a  question  if  much  is  to  be 
gained  on  the  score  of  efficiency,  especially  when  it  is  considered 
that  separate  blowers  would  have  to  be  driven  by  a  separate 
motor  or  engine,  whereas  the  turbo  fan  derives  its  power  directly 
from  the  turbine  spindle.'  Moreover,  the  large  air  ducts  and 
piping  system  required  for  sej^arate  blowers  might  prove  ob- 
jectionable in  some  cases. 

It  is  pleasing  to  see  the  im])ortance  of  air  filters  or  air  washers 
emphasized.  Cloth  air  filters  have  been  installed  to  some  ex- 
tent in  the  past,  but  they  have  often  been  worse  than  useless,  as 
they  have  had  insufficient  area  of  cloth  and  the  filters  have  soon 
become  very  dirty  and  clogged  up  and  shut  out  the  supply  of 
air  from  the  machine.  A  filter  of  this  kind  must  have  a  very 
large  area  and  consequcntJy  low  air  velocity.  By  arranging  the 
cloth  in  zigzag  fashion  on  suitable  frames,  an  efficient  filter  can 
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be  put  into  small  space  and  built  up  in  connection  with  the  tur- 
bine foundation  so  as  to  form  a  very  compact  arrangement.  A 
large  filter  made  in  this  way  has  been  in  operation  for  a  year  and 
a  half,  and  has  such  large  area  that  it  has  not  required  cleaning 
during  this  time.  In  this  installation  there  are  two  filters, 
each  handling  between  30,000  and  40,000  cu.  ft.  per  min. 

The  matter  of  insulation  is  closely  connected  with  the  internal 
temperatures  attained  in  the  coils.  Unquestionably  most  of 
the  breakdowns  in  the  stators  of  turbo-alternators  have  been 
between  turns  rather  than  to  ground,  and  mica  insulation  be- 
tween turns  is  desirable.  Mica  should  also  be  used  liberally 
in  the  slot  portion  of  the  coil,  but,  unless  the  machine  is  operated 
at  temperatures  in  excess  of  90  deg.  cent.,  there  is  no  objection 
to  using  varnished  fabric  in  combination  with  the  mica  to  give 
the  necessary  insulation  in  case  the  mica  wrapper  should  become 
accidentally  cracked. 

The  trouble  due  to  static  discharge  perforating  the  outer 
layers  of  insulation  next  the  iron  is  not  peculiar  to  turbo-genera- 
tors. The  same  effect  has  been  noted  on  coils  from  a  6600-volt 
engine-type  generator.  In  this  case  the  outer  wrapper  or  trough 
of  fishpaper  put  on  the  coil  for  mechanical  protection  was  lit- 
erally riddled  with  pin-holes,  while  the  varnished  cloth  insula- 
tion immediately  underneath  was  in  perfect  conditioij,  as 
was  also  the  mica  wrapper  next  to  the  copper.  In  a  paper 
read  in  1911  before  the  British  Institution  of  Electrical  Engineers 
by  Mr.  F.  P.  Fleming  and  Mr.  R.  Johnson,  this  effect  is  described 
and  shown  to  be  due  to  the  fact  that  in  a  composite  insulation 
of  materials  having  different  specific  inductive  capacities,  it  is 
possible  to  have  a  condition  where  the  potential  gradient  across 
part  of  the  insulation  may  exceed  its  disruptive  strength,  there- 
fore perforating  this  part  without^  affecting  the  rest  of  the  in- 
sulation. It  was  also  shown  that  this  perforation  might  be 
caused  by  the  double-voltage  puncture  test  usually  applied  to 
machines. 

So  far  as  losses  in  turbo-generators  are  concerned,  they  are, 
with  the  exception  of  the  windage  loss,  no  higher  than  in  other 
generators,  and  in  some  cases  they  are  less.  With  a  well-distrib- 
uted rotor  winding  and  with  moderate  peripheral  speed,  the 
core  loss,  assuming  equal  working  densities,  will  be  a  lower  per- 
centage than  in  salient  pole  alternators.  The  stator  and  rotor 
copper  losses  will  also  be  smaller,  while  the  stray  loss  will  be 
higher,  the  latter  being  due  partly  to  the  enclosed  construction 
which  allow^s  stray  flux  to  get  into  parts  that  are  unlaminated. 

Philip  Torchio :  I  am  asked  to  make  some  remarks  from  the 
standpoint  of  the  user,  and  I  may  state  that  this  is  a  point  of 
view  that  sometimes  escapes  the  designer.  For  instance,  on 
page  6  Mr.  Lamme  says:  '*  To  avoid  magnetic  shunting  of 
the  field  flux,  this  dri\dng  head  must  be  made  of  non-magnetic 
material,  usually  of  some  high  grade  bronze ...  this  makes  a 
^ood  strong  construction,  but  is  necessarily  rather  expensive, 
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due  to  the  bronze  driving  heads.  As  these  cost  but  little  more 
for  a  long  rotor  than  for  a  short  one,  the  construction  therefore 
tends  toward  relatively  long,  small  diameter  cores  in  order  to 
lessen  the  relative  dimensions  of  the  bronze  heads. "  That  makes 
the  machine  longer,  it  may  be  one  foot  or  three  feet  longer,  and 
consequently  the  engine  room  one  foot  or  three  feet  longer.  It 
saves  a  few  dollars  on  the  bronze  heads  and  necessitates  our 
spending  a  few  thousand  in  having  a  larger  station.  In  many 
cases,  space  requirements  are  very  important  to  us,  and  often- 
times it  means  that  we  have  to  sacrifice  many  thousand  kilo- 
watts simply  for  the  reason  that  a  larger  machine  cannot  be 
put  in  a  certain  space  because  it  is  four  or  five  feet  too  long. 

As  to  the  question  of  having  outside  blowers  for  ventilation, 
one  of  our  allied  companies  is  about  to  install  some  of  these 
machines  that  Mr.  Lamme  has  mentioned,  and  we  were  satisfied, 
because  of  the  reasons  given  by  Mr.  Lamme  and  his  associates, 
that  outside  blowers  would  be  satisfactory;  to  facilitate  their 
operation  we  have  provided  means  through  which,  when  the 
machine  field  switch  is  closed,  the  blower  will  be  started  automa- 
tically by  a  motor  fed  from  some  proper  supply.  I  do  not  think 
that  the  cost  or  the  eflSciency  of  the  system  will  be  materially 
different;  if  anything,  it  will  be  a  little  better  than  having  the 
blowers  and  the  ventilating  apparatus  in  the  rotor  itself,  as  Mr. 
Lanune  states.  If  by  adopting  outside  blowers  you  can  reduce 
the  size  of  the  machine,  I  would  emphasize  to  the  manufacturers 
the  desirability  of  doing  that  for  large  units. 

At  the  bottom  oi  page  24,  Mr.  Lamme  states:  *'  Of  such 
machines  it  may  be  said  that  the  manufacturer,  with  his  guaran- 
tee of  40  deg.  cent,  by  thermometer,  actually  builds  for  tempera- 
tures of  from  70  to  90  deg.  cent,  in  some  parts  of  the  machine, 
for  he  expects  to  find  fairly  high  temperatures  in  some  cases 
with  exploring  devices."  I  do  not  like  that  statement.  We 
have  been  trying  and  failed  to  get  the  manufacturer  to  put  ex- 
ploring coils  in  the  windings  of  the  machine  so  that  we  could 
read  them  while  we  are  operating  the  machine  and  see  where  the 
temperature  goes.  Now,  if  the  safety  of  the  insulation  is  limited 
within  ranges  below  100  deg.  cent.,  and  the  room  temperature 
may  be  40  deg.  or  more,  one  cannot  exceed  50  deg.  maximum  at 
any  one  point;  it  would  not  be  safe  at  the  present  time  to  do  it. 
In  fact,  if  we  do  not  have  more  troubles  it  must  be  that  we  do 
not  carry  the  overloads  or  obtain  the  output  that  we  should  get 
from  the  machines,  but  which  we  may  require  at  any  moment. 

The  author  says  on  page  25:  "  It  also  shows  the  absurdity 
of  classifying  a  piece  of  apparatus  as  good  or  bad^  respectively, 
according  to  whether  it  tests  possibly  one  or  two  degrees  below 
or  above  a  specified  thermometer  guarantee.*'  If  I  have  a 
contract  to  pay  $1,000,  and  give  $900,  the  $900  may  be  perfectly 
good,  but  I  will  be  short  $100  of  the  amount  which  I  must  pay. 
The  user  has  been  buying  in  accordance  with  the  thermometer 
readings,  incorporated  in  the  printed  specifications  of  manu- 
facturers.    The  standard  should  evidently  be  changed. 
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I  am  very  much  interested  in  the  subject  of  the  mica  insulation, 
and  I  was  a  little  disturbed  by  the  previous  speakers  and  Mr. 
Reist,  particularly,  who  suggested  that  there  may  come  another 
type  of  insulation  to  try  upon  US,  as  a  better  substitute  for  mica. 
My  experience  with  mica  insulation  is  too  limited  now  to  have 
any  definite  report  to  make,  though  the  reason  given  by  Mr. 
Lamme,  that  mica,  being  an  inorganic  substance,  is  not  attacked 
by  the  oxygen,  seems  plausible.  It  is  of  general  importance  to 
know  how  to  screen  or  to  avoid  ozonizing.  I  have  had  some  ex- 
perience in  this  matter,  having  had  rather  serious  troubles  on 
braided  cable  laid  on  imperfect  ground.  We  found,  for  instance, 
that  rubber  insulation,  which  is  more  easily  affected  by  chemical 
action,  would  stand  the  least,  and  we  substituted  paper  or  fabric, 
although  I  think  it  is  undesirable— I  do  not  speak  of  the  interior 
of  the  machine,  but  the  outside —  to  use  a  braided  cable  without 
a  definite  ground  around  it,  like  a  lead  sheath,  because  ozonizing 
is  likely  to  take  place  at  any  time  and  under  uncertain  conditions 
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over  which  one  has  no  control,  and  by  so  doing  one  jeopardizes 
the  jjrolL'ction  of  the  apparatus.  If  the  mica  acts  as  a  perfect 
screen,  it  might  help  in  the  cable  manufacture  and  possibly  in 
taping  cable  ends  and  splices. 

I  present  seven  illustrations  giving  a  photographic  reproduc- 
tion of  the  very  rapid  deterioration  of  rubber  produced  by  ozon- 
ization  at  moderately  high  voltage  stresses  upon  the  dielectric, 
having  air  insulation  in  series. 

The  experiment  was  made  upon  a  sample  of  three -conductor 
cable  with  5/32-in.  (3.97-nim,)  rubber  insulation  around  each 
conductor.  Ends  were  opened  out  about  four  inches  between 
centers,  leaving  an  air  space  Iwtween  each  conductor  varying 
from  zero  at  the  apex  to  about  4  in.  (102  mm.)  at  the  ends. 
Voltage  was  aijplicd  lK'tw<'en  two  conductors  only.  Fig.  1 
shows  conditions  before  voltage  was  applied,  and  Figs,  2  to  7 
show  successive  stages  after  voltage  was  applied  40, 50, 60  and  70 
minutes.  Smaller  cracks  appeared  after  20  and  30  minutes, 
but  could  not   be   photographed.     Breakdown   occurred   after 
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70  min,  30  sec.  It  was  shown  that  the  rubber  deteriorated  at 
a  point  where  there  was  about  0.4  in.  {10.16  mm.)  of  air  between 
the  rubber  surfaces,  extending  in  each  direction  to  points  in- 
cluding 0.25  in.  (6.35  mm.)  and  0.5  in.  (12.7  mm.)  of  air. 

Similar  results  occur  at  considerably  lower  \'oltages,  as  low 
as  4000  volts,  at  correspondingly  longer  periods  of  electrification, 
when  braided  cables  are  not  proi>erly  supported  by  insulators, 
but  are  laid  on  imperfect  or  intermittently  imiK-rfect  insulators, 
like  ducts,  concrete,  etc.  Under  the  latter  circumstances,  which 
one  should  always  try  to  avoid,  the  usual  remedy,  whenever  the 
induced  sheath  currents  are  not  too  great,  is  to  cover  the  cables 
ft-ith  lead  sheath,  in  which  case  the  nietidlic  sheath  completely 
protects  against  ozonization. 

I  would  tike  to  ask  Mr.  Lamme  if  a  similar  solution  might  not 
be  possible  for  high-voltage  armature  windings,  making  them 
metal-covered,  so  as  to  use  fabric  insulation  while  positively 
eliminating  the  trouble  of  ozonization  affecting  it,  and  at  the 
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same  time  improving  dis,sipalion   of  heat   from   the   windings 
through  the  metallic  sheath. 

As  to  regulation  of  machines,  designers  might  like  to  have 
definite  information  of  what  the  results  of  radial  slots  and  parallel 
slots  would  be.  Figs.  8  and  »  refer  to  two  2'»-cy(le,  HCHW-kw., 
Ti'iO-rev.  per  min.  turlxj- generators.  Fig.  S  shows  a  radial  slot 
machine  with  a  distance  helween  the  annalure  and  the  field 
copper  of  2  13/16  in.  (71.4  mm.),  and  its  corres[)onding  oscillo- 
gram under  short-circuit,  indicating  a  maxinuim  current  38 
times  the  full-ioad  current  of  the  machine.  With  the  parallel 
slot  machine,  of  the  same  size,  same  frequcn<-y,  same  speed,  but 
the  distance  lx?tween  the  copjier  of  the  arniiLtiirc  and  field  10} 
in.  (273  mm.),  the  maximum  current  is  about  14  times  the  full- 
load  current  of  the  machine.  The  short  circuit  took  place  at  a 
voltage  a  little  higher  than  zero;  if  it  had  l>een  zero  the  current 
might  have  been  a  little  higher,  15  or  16  times.  These  results 
show  a  great  difference  in  the  reactance  of  tlie  Iwi)  machines,  due 
to  the  difference  in  the  construction  of  the  fieid. 
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C.  J.  Fechheimer:  With  few  exceptions  the  limitations  im- 
posed by  the  rotor  of  the  turbo  prevent  our  reducing  the  size 
of  the  machine.  In  designing  a  ttirbo-altemator  we  first  pro- 
portion the  rotor  and  then  place  (on  paper)  the  stator  around 
it;  whereas  in  designing  low-speed  alternators,  we  usually 
design  the  stator  and  then  place  a  suitable  rotor  within  it.  It 
is  of  course  essential  to  choose  between  the  possible  types  of 
construction. 

The  limitations  appearing  in  the  rotor  are: 

(I)  Stresses.  (2)  Temperature.  (3)  Cost.  (4)  Regulation. 
(5)  Ability  to  maintain  voltage. 

A  good  design  is  necessarily  a  good  compromise  between  these 
five  factors. 

Modifying  any  one  of  these  factors  will  usually  affect  the 
remaining  four.  For  example,  we  can,  by  increasing  the  stresses, 
reduce  the  cost  of  machine,  lower  the  temperatures  and  possibly 
cause  the  machine  to  give  better  regulation  and  enable  it  better 
to  hold  up  its  voltage.  Just  how  far  any  one  of  these  factors 
should  be  carried  at  the  sacrifice  of  the  others  is  what  the  designer 
must  decide. 

From  the  standpoint  of  safety,  stresses  should  be  treated  most 
conservatively. 

Second  in  importance  is  the  matter  of  temperature,  for  if  the 
critical  charring  temperatures  of  fibrous  insulation  are  exceeded, 
the  machine  will  burn  out.  Even  though,  as  Mr.  Lammc  points 
out,  we  were  to  adopt  mica  and  asbestos  in  preference  to  fibrous 
material,  there  is  still  a  question  as  to  how  much  the  life  of  the 
machine  wotdd  be  impaired  by  excessive  heating.  For  example, 
we  all  know  that  iron  will  age  if  allowed  to  heat  and  cool  alter- 
nately (this  operation  being  repeated  numerous  times) ,  the  effect 
being  that  the  efficiency  would  be  reduced  and  the  machine  would 
heat  still  more.  Furthermore,  as  stated  by  Mr.  Lamme,  it  is 
advisable  to  fill  the  pores  of  asbestos  material  with  inflammable 
varnish  which,  if  subjected  to  excessive  temperatures,  will 
deteriorate  with  most  undesirable  effects. 

We  cannot  afford,  in  commercial  designs,  to  ignore  the  cost  of 
the  machine;  and  while  for  certain  ratings  we  are  so  limited  as  to 
have  very  little  choice,  for  the  majority  of  conditions  we  have 
a  larger  selection,  and  therefore  can  materially  affect  the  cost 
by  wise  or  unwise  proportions.  In  this  connection  it  is  essential 
for  the  designer  to  use  as  much  foresight  as  is  possible,  for  he 
must  usually  so  proportion  alternators  that  the  principal  parts 
can  be  used  frequently  in  future  machines  without  great  modi- 
fications in  patterns  or  dies. 

Whereas  regtdation  was  considered  to  be  of  considerable  im- 
portance about  eight  years  ago,  when  machines  were  of  smaller 
capacity  than  at  present,  we  are  feeling  more  and  more  that 
regulation,  especially  in  large  generators,  can  easily  be  sacri- 
ficed to  gain  in  other  respects.  However,  we  must  always  bear 
in  mind  that  even  though  we  employ  good  regulators  to  main 
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tain  constant  voltage  on  one  of  the  phases,  there  is  a  probability 
of  having  the  voltages  badly  unbalanced  if  the  load  be  different 
in  magnitude  or  power  factor  on  the  various  phases.  This  will 
be  more  especially  the  case  if  the  inherent  regtdation  of  the 
alternator  be  coarse. 

Mr.  Lamme  implies  on  page  36  that  in  some  cases  the  rating 
of  the  alternator  can  be  doubled,  provided  we  can  keep  the  stator 
cool  enough,  and  have  IJ  instead  of  2 J  times  normal  short- 
circiiit  current.  We  must  remember  that  if  we  keep  the  number 
of  turns  in  the  stator  the  same,  and  increase  the  rating,  the  effec- 
tive drop  in  the  stator  increases  in  proportion  to  the  current, 
so  that  if  the  generator  just  maintains  voltage  for  a  given  ex- 
citation at  a  certain  power  factor  at  the  low  rating,  it  would  not 
be  able  to  maintain  its  voltage  at  the  higher  rating,  other  con- 
ditions being  the  same.  Hence,  it  may  be  essential  to  use  more 
turns  in  the  stator  for  the  higher  rating,  and  this  will  increase 
the  drop  still  more.  We  can  go  so  far  that  an  increase  in  capacity 
for  a  given  number  of  rotor  ampere-turns  will  be  impossible 
if  the  machine  is  to  maintain  its  voltage  at  a  certain  load  and 
power  factor.  The  service  to  which  many  alternators  are  sub- 
jected is  such  as  to  require  them  to  maintain  their  voltage  at 
80  per  cent  power  factor,  and  since  we  have  been  accustomed  to 
rate  machines  for  normal  and  for  25  per  cent  overload,  the  full 
field  conditions  should  be  such  that  the  alternator  may  maintain 
its  voltage  at  25  per  cent  overload,  80  per  cent  power  factor. 
This  is  nearly  equivalent  to  the  maintenance  of  its  voltage  at 
normal  kilovolt-ampere  load,  zero  power  factor.  We  may  then 
calculate  what  will  be  the  maximum  capacity  for  which  an 
alternator  can  be  rated,  if  the  full  field  corresponds  to  zero 
power  factor,  and  normal  kilovolt-amperes. 

We  shall  endeavor  to  show  what  the  maximum  output  is, 
using  the  following  symbols  to  indicate  the  various  quantities : 
A  T  =  full  field  ampere-turns. 

a  =  number  of  active  conductors  per  slot. 
Ei  =  internal  voltage. 
Et  =  external  voltage. 

/  =  current. 

n  =  number  of  phases. 

P  =  kilovolt-ampere  output. 

P  =  number  of  poles. 

R  =  reluctance  of  magnetic  circuit. 

5  =  number  of  slots  per  pole,  per  phase. 
2  X  =  equivalent  of  stator  leakage  paths. 

<t>  =  magnetic  flux  per  pole. 
X  =  stator  leakage  reactance  per  phase. 
'^  =  frequency. 
The  internal  voltage,  if  a  sine  wave  be  assumed,  neglecting 
the  pitch  and  distribution  factors,  is 

^/  ^  2.22^^ Sap  X  10^ 
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The  flux  per  pole  is 


2  v2 

where  the  second  term  in  the  numerator  is  the  armature  re- 

4  7r 

action  per  pole.     R  includes —ttt--  (3.19  for  inch  system). 

At  zero  power  factor  the  armature  resistance  drop  is  negligible, 
and  we  may  therefore  write 

E,  =  Ei-'IX 

And  for  simplicity, 

X  =  2  7r  ^  a2  5  />  (2:  X)  X  lO"' 

The  kilovolt-ampere  output  is 

P  =  nE,I 

Combining  the  above  equations,  we  obtain 

^  -j2.22r.-,         aSnl  1        ^     ..  ^  m-g 

(     R   L  2  V2    J 
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Assume  constant  magnetic  reluctance  (true  with  straight-line 
saturation  curve)  and  that  output  is  increased  by  augmenting 
number  of  conductors  (equivalent  to  increasing  electromotive 
force;  same  results  are  obtained  by  considering  number  of  ccn- 
ductors  constant  and  current  variable).  To  determine  maximum 
output  obtainable  with  given  number  of  field  ampere-turns, 
we  differentiate  the  above  equation  with  respect  to  a,  and 
equate  to  zero,  and  obtain  after  simplifying: 

\^T(A  T) 
a  = 


nl  S  +  SRIZ  X 


The  first  term  in  the  denominator  in  this  expression  is  depend- 
ent upon  armature  reaction;  the  second  term  upon  armature 
leakage  fields  (reactance). 

*The  form  of  the  equation,  before  solving  for  a,  was  of  first  degree; 
hence  only  one  solution  was  possible.  The  physical  interpretation  of  this 
is  that  if  the  number  of  conductors  is  indefinitely  decreased,  an  output 
of  zero  is  approached;  whereas,  if  the  number  of  conductors  is  increased 
without  limit,  the  reactance,  being  proportional  to  square  of  conductors, 
causes  a  greater  drop  in  the  armature  than  the  value  ol  terminal  voltage. 
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In  most  tiirbo-altemators  the  number  of  field  ampere-turns 
required  to  compensate  for  the  drop  in  voltage  due  to  armature 
leakage  fields  is  small  compared  with  the  ampere-tiuns  needed 
to  comj)ensate  for  armature  reaction  (counter  magnetomotive 
force  at  zero  power  factor).  To  assist  toward  obtaining  a  simple 
physical  interpretation  of  the  above  equation,  we  shall  disregard 
for  the  moment  the  second  term  in  the  denominator,  and  then  find 

-  ^         a SnI 
AT  =  — 7= — 

That  is,  the  full  field  ampere-turns  are  just  double  the  armature 

C        T    \ 

reaction  / •=—  1.     This  condition  obtains  if  armature  re- 

\  2  \/2     / 

sistance  and  reactance  are  negligible :  that  reluctance  of  magnetic 
circuit  is  constant,  and  that  generator  just  requires  A  T  ampere- 
turns  on  the  field  to  maintain  normal  voltage,  with  normal 
kilovolt-ampere  output  at  zero  power  factor.  • 

To  further  interpret  our  results,  we  see  that  with  the  straight- 
line  saturation  ciu^e  assumed,  we  shall  have  100  per  cent  regu- 
lation at  zero  power  factor,  and  that  normal  current  will  flow  if 
the  alternator  be  gradually  short-circuited  with  the  excitation 
required  for  no-load  normal  voltage.  In  this  latter  case  the 
ampere-tiu-ns  in  the  field  arc  just  one-half  the  full  fild  ampere- 
turns. 

If  we  take  into  consideration  the  saturation  of  the  magnetic 
circuit  (variable  reluctance),  and  the  effect  of  local  armature 
impedance,  we  see  at  once  that,  due  to  the  former,  the  regula- 
tion at  zero  factor  will  be  somewhat  finer  than  100  per  cent;  and 
the  ampere-turns  in  the  stator,  for  maximum  kilo  volt-amperes, 
will  be  somewhat  less  than  one-half  of  the  full  field  ampere-turns. 
In  other  words,  somewhat  more  than  normal  current  will  flow 
when  short-circuited  with  no-load  field.  The  result  which  Mr. 
Lamme  speaks  of  ("  \\  times  short-circuit  current  '*)  is  about 
the  condition  for  maximum  output. 

The  question  arises:  would  it  not  be  possible  to  employ  a 
smaller  air  gap  and  secure  a  larger  output?  This  undoubtedly 
could  be  done  if  the  steel  in  the  magnetic  circuit  did  not  become 
prohibitively  saturated.  If  the  air  gap  and  parts  of  the  magnetic 
circuit  were  reduced  to  have  zero  reluctance,  we  should  only  re- 
quire sufficient  ampere- turns  to  overcome  armature  reaction  and 
impedance,  and  the  regulation  would  be  infinite.  To  secure 
maximum  kilo  volt-amperes  with  diminished  air  gap,  we  should 
most  advantageously  use  a  larger  value  of  flux,  provided  the  iron 
did  not  saturate  too  highly,  and  we  would  still  have  the  relation 
that  full  field  ampere-turns  would  be  twice  the  armature  ampere- 
lums,  and  normal  current  would  Bow  on  short-circuit  with  no- 
load  excitation  were  the  reactance  and  resistance  of  negligible 
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value.  The  rating  would  then  be  increased  in  proportion  to  the 
increase  in  flux. 

Mr.  Lamme  speaks  of  air  velocities  as  high  as  10,000  ft. 
(3048  m.)  per  minute.  When  we  remember  that  losses  in  air 
are  proportional  to  the  cube  of  the  velocity,  we  shall  readily 
appreciate  that  the  losses  with  such  velocity  may  be  excessive. 
I  ask  Mr.  Lamme  how  such  velocities  are  measured  in  the 
machine ;  whether  he  attempted  to  measure  air  velocities  directly 
in  any  parts  not  easily  accessible. 

William  LeRoy  Emmet:  I  am  glad  this  paper  has  been 
written,  because  it  gives  everyone  who  reads  it  a  comprehensive 
idea  of  all  the  work  which  has  had  to  be  done  in  the  design  of 
these  high-speed  alternators  and  the  limitations  of  these  designs. 
We  know  from  experience  that  the  difficulties  of  designing  are 
too  often  overlooked  by  engineers  who  desire  to  purchase  or 
install  alternators,  but  all  these  limitations  should  be  very  care- 
fully studied  and  considered,  and  the  manufacttirer  shoiild  not 
be  forced  into  conditions  which  are  imdesirable  or  entail  diffi- 
culty. There  is  one  thing  which  I  think  should  be  considered 
in  connectioji  with  the  design  of  large  alternators,  and  that  is, 
that  the  value  of  the  product  which  they  handle  is  enormous, 
in  proportion  to  the  cost  of  the  machinery,  and  consequently  we 
can  afford  to  use  only  the  best,  and  even  if  the  machine  costs  a 
great  deal  more,  if  it  is  better  or  simpler  or  more  reliable,  it 
ought  to  be  used.  We  should  not,  in  other  words,  incur  risk  or 
inefficiency  or  difficulty  of  any  kind  on  the  score  of  cost  in  appara- 
tus of  this  type.  A  very  simple  glance  at  the  figures  involved 
in  the  fuel  consumption  of  such  machines  in  a  year's  service 
will  show  that  to  be  true. 

As  in  other  things,  purchasers  should  not  limit  manufacturers 
unless  that  limitation  is  in  the  direction  of  value,  and  I  am  very 
sympathetic  with  Mr.  Lamme  in  what  he  has  said  about  tempera- 
ture, that  it  would  be  highly  desirable  if  we  could  build  apparatus 
for  higher  temperatures,  and  if  we  could  do  ^  we  could  make  it 
more  efficient  and  make  many  improvements,  provided  the 
temperature  could  be  run  higher.  The  question  has  been  in 
my  mind  as  to  what  temperatures  we  should  use  in  large  appara- 
tus. I  have  worked  with  a  view  to  recommending  to  our 
customers  what  I  believed  to  be  the  very  best  engineering  solu- 
tion of  the  problem,  whether  we  get  the  job  or  not,  in  these 
cases,  and  I  think  that  in  so  doing  it  is  a  nice  question  as  to  what 
type  of  insulation  we  should  use.  Insulation  of  all  types  which 
we  have  is  very  imperfect,  and  if  we  could  find  some  better  means 
of  insulating  high-voltage  machines  we  would  be  very  much 
better  off,  but  I  am  a  little  disposed  to  differ  with  Mr.  Lamme *s 
implications  that  we  could  use  temperatures,  safely,  as  high  as 
125  deg.  cent.  Mica,  of  course,  is  indestructible  at  such  tem- 
peratures, but  as  Mr.  Reist  has  said,  a  great  deal  of  other  mate- 
rial is  used  with  mica,  and  this  is  not  only  subject  to  destruction 
by  heat,  but  subject  to  a  sort  of  destructive  distillation  which 
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causes  fumes  and  other  constituent  parts  of  these  substances 
to  percolate  through  the  insulation  and  seek  out  paths  of  dis- 
charge, and  this  destructive  distillation  of  insulacing  materials 
is  a  very  important  cause,  I  think,  of  trouble.  I  have  seen 
cases  of  bum-outs  in  mica-insulated  machines  of  the  most  ap- 
proved designs  which  rather  clearly  showed  the  danger  in  this 
direction,  and  with  our  best  work  in  heat-proof  insulation,  I 
believe  that  we  do  not  quite  reach  the  state  of  safety  that  we 
do  with  cool  machines.  In  some  of  these  large  machines  the 
question  of  getting  coolness  means  making  the  machine  larger. 
That,  of  cotirse,  increases  its  cost,  and  also  increases  the  mechan- 
ical difl&cidties — difficulties  of  shipment,  difficulties  of  getting 
the  forgings,  difficulties  incident  to  windage,  which  are  very 
great  at  high  velocities.  However,  with  the  best  methods  of 
cooling,  it  is  astonishing  what  an  amount  of  heat  can  be  removed 
by  virtue  of  the  fact  that  rapidly  moving  air  scours  aWay  the 
heat  from  the  surfaces.  We  have  worked  very  cautiously  in 
the  use  of  high  temperatures.  We  are  trying  hard  to  build 
machines  to  run  hot,  but  have  not  yet  reached  the  point  where 
we  dare  to  do  so. 

Paul  M.  Lincoln:  Perhaps  the  most  significant  feattu-e 
about  Mr.  Lamme's  paper  is  that  about  two-thirds  of  it  is  dis- 
cussion of  the  closely  related  subjects  of  ventilation,  temperattu'e 
and  insulation,  and  such  things  as  inspection  and  cleaning  of 
air  and  discussion  of  the  mechanical  details,  make  up  the  other 
third.  That  is  a  good  indication  of  just  how  serious  a  problem 
the  ventilating  and  cooling  of  a  ttirbo-generator  has  become. 

Another  thing  which  this  paper  brings  out  plainly  is  that  turbo- 
generators must  be  very  efficient  machines.  All  of  the  losses 
in  the  generators,  of  course,  turn  into  heat,  and  the  problem  of 
carrying  away  that  heat  is  the  greatest  one  to  be  solved,  and 
consequently  it  is  almost  essential  to  build  turbine  generators 
of  comparatively  high  efficiencies. 

There  is  one  additional  matter  which  has  not  been  touched 
on,  except  slightly  by  Mr.  Fechheimer,  and  that  is  the  fact  that 
the  high  velocities  of  the  air  which  are  necessary  in  order  to  carry 
off  the  heat  from  the  restricted  surface  of  the  turbo-generators, 
may  of  themselves,  if  carried  too  far,  generate  undue  heat. 
In  fact,  the  windage  losses  in  our  turbo-generators  are  quite  a 
large  proportion  of  the  total  losses,  and  these  windage  losses 
come  on  account  of  the  inherent  difficulties  in  the  problem  so 
plainly  set  forth  in  Mr.  Lamme's  paper;  that  is,  they  come  on 
account  of  the  comparatively  large  amount  of  heat  to  be  carried 
away  from  a  restricted  surface.  If  the  air  velocities  are  carried 
too  high  the  method  defeats  its  own  object,  because  of  the 
amotint  of  heat  that  is  put  into  stirring  up  the  air. 

I  notice  the  expression  which  was  used  by  Mr.  Reist — "  good 
inherent  regulation,"  which  he  named  as  a  bad  thing.  Now 
that  is  a  nomenclature  which  is  certainly  unfortunate,  because 
when  we  say  "good  inherent  regalation  ''  we  mean  one  which  is 


52  T  URBO'A  L  TERN  A  TORS  [Jan.  10 

objectionable.  It  seems  to  me  we  might  find  a  little  better  term 
to  describe  the  kind  of  regulation  which  we  would  say  is  not 
objectionable. 

Referring  to  Mr.  Williamson's  discussion,  he  described,  as 
I  imderstood  him,  an  air  filter  which  ran  for  over  a  year  and  did 
not  get  dirty.  I  must  say  that  I  am  unable  to  conceive  of  an 
air  filter  which  takes  the  dirt  out  of  the  air  without  itself  becom- 
ing dirty.  If  it  docs  not  become  dirty,  it  seems  to  me  self-evident 
that  it  is  not  a  good  air  filter. 

Mr.  Williamson  also  stated  one  thing  which  deserves  some  fur- 
ther discussion,  when  he  mentioned  the  fact  that  if  we  had  an 
insulation  which  would  carry  the  heat  readily  from  iron  to  copper, 
or  copper  to  iron,  our  difficulties  would  be  largely  overcome. 
Now,  that  is  an  impossibility.  We  cannot  design  an  insulation 
which  has  a  good  heat  conductivity.  The  heat  resistance  of 
the  insulations  which  we  have  in  turbo-generators  is  about  1000 
to  3000  times  that  of  copper,  and  it  is  not  possible  by  any  means 
we  know  of  to  get  a  heat  conductivity  very  much  better  in  any 
known  insulations.  We  must  put  up  with  those  thermal  drops 
in  the  insulation.     There  is  no  way  to  avoid  them. 

Peter  Junkersf eld :  The  most  suitable  voltage  for  a  given 
generator  is,  of  cotirse,  largely  a  question  of  the  insulation  mate- 
rial and  other  limitations  of  design  that  exist  at  that  particxilar 
time.  In  Chicago  we  have  installed  two  20,000-kw.  25-cycle 
\mits  in  a  new  station  within  the  last  year  in  which  the  voltage 
was  half  the  busbar  voltage,  stepping  up  through  auto  transfor- 
mers, and  in  so  doing  securing  the  necessary  reactance  at  the 
same  time.  On  the  other  hand,  more  recently  we  have,  with 
better  insulating  material  available,  ordered  a  unit  of  the  same 
total  maximum  kw.  output  in  which  the  generator  voltage  will 
be  the  same  as  the  busbar  voltage.  That  happened  to  be  a 
60-cycle  machine  in  which  the  problem  of  securing  sufficient 
reactance  was  not  difficult. 

I  feel,  however,  on  this  whole  matter  of  generator  design,  that 
there  is  one  point  that  perhaps  has  not  been  given  as  much  at- 
tention as  it  should  have  been  given,  and  that  is  the  arrangement 
and  smoothness  of  the  air  passages.  Mr.  Lamme,  in  Figs.  15 
and  17,  gives  diagrams  showing  how  air  passes  through  certain 
designs  of  machine,  but  air  has  a  habit  of  not  turning  right- 
angle  comers,  and  not  always  behaving  the  way  you  want  it 
to;  moreover,  air,  notwithstanding  what  Mr.  Lincoln  has  said 
about  the  filtering  of  air,  is  always  dirty  to  a  greater  or  less 
extent,  and  I  do  not  believe  that  is  confined  solely  to  Chicago 
air,  either.  Air  filters  are  not  only  very  expensive,  but,  so  far 
as  I  know,  they  have  never  come  quite  up  to  expectations,  and, 
further,  they  are  difficult  to  build  in  any  fireproof  form,  or 
even  semi-fireproof  form.  The  requirement  should  be  to  get 
along  without  air  filters  if  it  is  possible  to  do  so.  Some  installa- 
tions are  becoming  so  large  that  it  will  probably  pay,  in  large 
installations,  to  put  in  air  filters  and  make  the  best  job  we  can, 


19131  DISCUSSION  AT  NEW  YORK  53 

but  in  small  and  moderate  size  stations  I  doubt  if  it  will  pay. 
The  arrangement  and  smoothness  of  air  passages  should,  there- 
fore, be  an  important  factor  in  selecting  a  generator  design. 
I  do  not  mean  it  should  be  the  controlling  feature,  but  when  you 
have  taken  into  account  all  the  other  limitations  you  should  make 
a  special  effort  to  get  a  machine  which  is  least  likely  to  clog  up 
with  dirt. 

That  brings  up  another  point.  As  soon  as  a  machine  begins 
to  clog  up  with  dirt,  whether  it  occurs  in  one  month,  or  six 
months,  or  twelve  months,  windings  in  the  slots  will  necessarily 
become  hotter,  and  for  that  reason  temperature  coils  are  very 
desirable  in  the  machine,  because  they  give  an  indication  as 
to  when  the  machine  has  reached,  or  is  approaching,  the  absolute 
temperature  for  which  it  was  designed.  Notwithstanding  the 
fact  that  temperature  coils  do  not  give  absolutely  accurate  data, 
as  pointed  out  by  Mr.  Lamme  in  his  paper,  they  give  the  best 
and  most  positive  indication  you  can  have  that  it  is  time  to  go 
to  the  expense  of  taking  down  that  machine  and  cleaning  it 
thoroughly. 

I  am  glad  to  hear  both  Mr.  Lamme  and  Mr.  Emmet  speak  of 
higher  temperatures,  and  sincerely  hope  that  their  expectation 
may  be  realized,  but  before  purchasers  will  agree  to  very  much 
higher  temperatiu'es  they  natiu^ally  must  feel  reasonably  certain 
that  the  machines  will  be  at  least  as  reliable  as  they  are   now. 

The  experience  of  the  past  ten  years,  as  most  of  you  have 
known,  and  as  the  author  of  the  paper  points  out,  has  been 
a  strenuous  one  and  not  at  all  times  satisfactory.  With  the  fib- 
rous insulation  85  deg.  cent,  seems  to  be  about  the  safe  ultimate 
temperatiu'e.  With  the  mica  insulation  it,  of  course,  should 
be  and  probably  will^be  very  much  higher.  A  slight  difference 
in  cost  is  not  a  serious  thing  with  a  very  large  machine,  and  while 
higher  temperatures  are  very  desirable  we  should  not  go  to  them 
if  we  are  going  to  have  a  lesser  factor  of  safety  than  we  have  at 
the  present  time  with  fiber  insulation  and  only  85  deg.  cent.; 
in  other  words  there  is  still  need  for  considerably  more  reliable 
generators  than  there  are  in  existence  today. 

H.  M.  Hobart:  There  is  one  method  of  filtering,  or,  at  any 
rate,  cleaning  air,  which  certainly  would  not  involve  any  fire 
risk.  The  method  to  which  I  allude  consists  in  washing  it  by 
passing  it  through  sprays  of  water.  It  has  the  additional  ad- 
vantage of  imparting  to  the  air  a  certain  amoimt  of  humidity 
and  this  is  associated  with  a  decrease  in  the  initial  temperature, 
which  goes  part  way  toward  modifying  the  limitations  imposed 
by  the  maximum  temperature  that  the  machine  can  endure. 
Five  degrc^es  decrease  of  temperature  at  the  inlet  is  certainly  well 
worth  while.  I  am  glad  that  the  present  trend  of  engineering 
opinion  is  in  the  direction  of  employing  a  central  plant  for  the  pro- 
vision of  the  air.  It  permits  not  only  of  conditioning  the  air 
in  the  way  I  have  mentioned  but  it  also  frees  the  designer  from 
one  set  of  considerations  with  which  there  is  no  need  that  he 
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should  be  embarrassed.  Any  one  who  has  read  Mr.  Lamme's 
paper  will  have  considerable  respect  for  the  task  of  designing  an 
extra-high-speed  turbo-alternator,  and  ^411  be  disposed  to  agree 
that,  other  things  being  equal,  if  you  can  relieve  the  machine  of 
all  other  duties  than  that  of  turning  out  electricity,  it  is  in  the 
interests  of  obtaining  the  best  result.  Large  modem  stations 
often  require  a  total  amount  of  air  of  some  200,000  cu.  ft.  per  min. , 
or  even  more,  and  the  provision  of  this  large  amoimt  of  air  is  in 
itself  a  fairly  elaborate  undertaking.  It  can  be  worked  out 
much  better  by  putting  in  a  separate  plant  with  motor-driven 
blowers.  Mr.  Lamme  has  reasoned  out  very  clearly  that  if 
we  are  determined  to  have  these  high-speed  machines  we  must 
put  up  with  higher  temperatures  than  would  be  associated  with 
machines  of  less  speed. 

Mr.  Lamme  goes  on  to  develop  the  point  that  with  these  extra- 
high  temperatures,  the  point  of  weakness  is  not  in  the  copper; 
there  will  not  be  any  trouble  there  because  of  any  heating  of  the 
copper  itself ;  nor  in  the  iron ,  but  in  the  insulation.  In  these  extra- 
high-speed  machines  it  is  necessary  to  have  a  considerable  pres- 
sure between  adjacent  turns.  The  higher  the  speed  the  less 
the  turns  and  the  higher  the  pressure  per  turn,  and  thus  the 
question  is  not  simply  that  of  the  copper  and  iron,  but  also 
of  the  insulation  between  the  turns,  as  well  as  of  the  main 
insulation  between  the  copper  and  iron,  which  botmd  this 
hot  copper  and  this  hot  iron.  We  must  admit  that  insulation 
appropriate  for  use  in  the  slots  has  not  the  heat-resisting  character 
possessed  by  metallic  materials.  Nevertheless,  very  great  pro- 
gress has  been  made  in  the  matter  of  developing  insulation  in 
recent  years.  For  a  long  time  questions  relating  to  insulation 
were  apt  to  be  ignored.  Designers  would  (Jpal  carefully  with  the 
copper  part  and  with  the  iron  part  of  the  structure,  but  the  in- 
sulation has  usually  been  sadly  neglected. 

Now,  however,  a  very  great  advance  has  been  made,  and  we 
have  arrived  either,  as  Mr.  Lamme  is  inclined  to  believe,  at  a 
stage  where  we  can  safely  use  these  high  temperatures  (and 
personally  I  will  say  frankly  I  agree  with  him)  or,  even  if  he  and 
I  are  a  little  too  sanguine,  wo  are  at  any  rate  just  on  the  point 
of  arriving  there.  E\'ery  few  months  records  further  progress 
in  these  directions,  and  personally  I  feel  that  we  should  consider 
the  temperatures  named  in  the  jjaper  as  those  which  can  safely 
be  used,  with  ample  regard  for  the  customer *s  side  of  the  case. 

What  does  the  customer  want?  He  does  not  necessarily  want 
a  machine  that  will  last  twenty  years.  None  of  us  have  seen  even 
ten  years  go  by,  without  the  machinery  which  was  produced  at 
the  beginning  of  the  ten  years  having  become  so  inferior  to  ma- 
chines which  could  be  produced  in  accordance  with  up-to-date 
knowledge  that  it  would  pay  to  scrap  that  machinery.  The 
factor  of  obsolescence  is  thus  one  of  great  importance.  Is  it 
really  good  engineering  in  figuring  on  depreciation  in  the  case 
of  electrical  machinery  of  this  kind  to  spread  it  over  so  long  a 
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term  as  twenty  years?  My  own  opinion  is  that  ten  years  will 
be  a  liberal  provision.  As  has  been  stated  by  one  or  two  of  the 
speakers,  these  large  high-speed  machines  are  enormously  ex])en- 
sive.  The  initial  outlay  for  a  10,000-kw.  turbo-generator  may 
run  into  a  matter  of  $100,000,  and  if  that  is  spread  over 
ten  years,  adding  the  capital  charges,  interest,  allowance 
for  insurance,  taxes,  etc.,  the  total  capital  investment 
would  probably  average  $200,000,  or  something  like  $20,000 
a  year.  That  is  merely  the  line  of  argument;  the  precise  values 
I  have  assigned  have  no  special  significance,  though  their  order 
of  magnitude  is  correct.  $20,000  per  annum  seems  a  large 
figure,  but  it  is  small  compared  with  the  cost  of  the  fuel  for  which 
that  generating  set  is  responsible  per  annum.  I  have  not  figured 
it  out  closely,  but  I  believe  that  fuel  consumption  runs  to  some- 
thing like  $50,000  or  $60,000  a  year,  as  against  $20,000,  represent- 
ing these  capital  costs  of  the  turbo-generator.  Then  there  is 
also  the  outlay  for  labor  and  attendance,  etc.  Therefore, 
anything  that  will  conduce  to  decreasing  the  large  fuel  cost 
can  quite  properly  be  associated  with  a  shorter  life.  It  is  for 
the  purpose  of  decreasing  the  fuel  cost  that  we  resort  to  the  very 
uttermost  speed.  You  may  say  that  having  got  that  fuel  cost 
away  down,  we  want  the  machine  to  last  a  long  time,  but  let  me 
remind  you  that  when  ten  years  have  elapsed  that  fuel  cost 
will  not  represent  the  limits  of  economy  to  which  we  have  at- 
tained. We  will  then  be  able  to  build  machines  for  considerably 
lower  fuel  costs.  But  the  point  is  that  we  want  a  good,  sound 
machine,  useful  throughout  its  ten  years'  life.  It  should  be  a 
fine  engineering  product,  on  the  basis  that  ten  years  is  approx- 
imately the  estimated  life  of  the  insulation.  It  is  not  undergoing 
deterioration  throughout  every  hour  of  the  ten  years.  It 
would  be  rare  in  central  station  practise  for  a  10,000-kw.  machine 
to  be  in  service  more  than  2500  hours  out  of  the  8750  hours 
that  make  up  the  year.  Let  us  take  25,000  hours  as  the  aggre- 
gate time  in  service  in  ten  years,  and  the  problem  is  to  provide 
insulation  for  a  life  of  something  like  25,000  hours'  exposure  to 
well  on  towards  125  deg.  cent. 

That  is  the  problem  engineers  must  consider  in  designing  such 
machines,  and  they  are  rapidly  getting  where  they  can  tackle 
it  on  that  basis  and  provide  the  appropriate  insulating  material. 
This  seems  to  me  to  be  the  correct  proposition  for  cases  where 
the  insulation  is  the  limiting  feature.  The  fact  is  brought  out 
in  the  paper  that  since  the  question  of  insulation  is  the  one  point 
which  constitutes  the  limitation,  we  should  devote  our  energies 
to  that  purpose  and  get  the  right  stufi  for  it.  The  resources 
of  modem  engineering  have  never  before  failed  us  and  are  not 
going  to  fail  us  at  this  juncture,  and  if  we  determine  upon  this  high 
temperature  limit  we  shall  learn  to  meet  the  new  conditions  im- 
posed and  meet  them  with  safety.  We  should  also  follow  up 
the  related  problem  of  getting  a  maximum  amount  of  air  through 
the  machine.     The  more  air  we  get  through  the  machine  tVve 


56  TURBO  ALTERNATORS  (Jan.  10 

lower  the  temperature,  or,  for  constant  temperature,  the  more 
air  we  get  through,  the  larger  output  we  can  go  to,  and  we  may 
not  be  limited  to  a  6000-kv-a.  turbo-generator  for  a  speed  of 
3600  rev.  per  min.,  or  to  a  25,000-kv-a.  generator  for  a  speed 
of  1500  rev.  per  min.  We  may  be  able  to  go  to  higher  outputs 
for  these  speeds.  It  is  in  these  directions,  the  methods  of  cooling 
and  the  methods  of  designing  insulations  which  will  stand  higher 
temperatures,  that  oiu*  efforts  should  be  put  forth,  so  far  as  the 
kind  of  machinery-  we  are  discussing  is  concerned,  namely,  extra- 
high-speed  machinery-  for  large  outputs. 

W.  L.  Waters:  Mr.  Lamme's  paper  is  especially  interesting 
at  the  present  time  when  the  design  of  the  modem  turbo-alter- 
nator appears  to  be  settling  within  the  well-defined  limits  which 
have  been  decided  bv  the  materials  commerciallv  available. 
As  pointed  out,  the  design  centers  around  the  field  magnet — 
the  limitations  being  more  serious  on  this  than  on  any  other  part 
of  the  unit.  The  parallel  slot  type  of  magnet  as  developed  by 
Mr.  B.  G.  Lamme,  and  the  radial  slot  as  developed  by  Mr. 
C.  E.  L.  Brown,  are  the  only  two  commercial  possibilities  at 
the  present  time  for  high-speed  generators.  The  former  is  a 
much  simpler  manufacturing  proposition  and  the  insulation  is 
subject  to  less  severe  operating  conditions,  but  it  suffers  from 
the  difficulty  of  obtaining  suitable  commercial  material  in  the 
required  form  and  of  determining  the  actual  distribution  of 
stresses.  These  limitations  have  recently  brought  the  radial  slot 
type  into  prominence  for  large  high-speed  units;  the  question  of 
reliable  and  commercial  high-grade  materials  being  solved  by 
the  adoption  cither  of  a  solid  rotor  built  up  of  rolled  plates,  or 
of  a  rotor  in  which  loose  teeth  of  laminated  steel  are  dovetailed 
into  a  hollow  forged  cylindrical  drum. 

The  design  of  the  stationary  annature  is  comparatively  simple, 
except  for  the  question  of  ventilation,  which,  as  stated,  fre- 
quently becomes  quite  a  serious  problem  in  the  case  of  high- 
speed units  of  large  capacity.  The  system  of  ventilation  first 
worked  out  in  Germany,  which  consists  of  axial  ventilation  of 
the  armature,  combined  with  a  ventilated  rotor,  seems  to  offer 
the  greatest  possibilities  for  such  units.  But,  as  pointed  out, 
comph'catcd  systems  of  ventilation  are  rarely  successful,  as 
the  various  currents  of  air  always  interfere  with  one  another. 
The  problem  of  ventilation  is  not  only  to  force  a  certain  quantity 
of  air  through  the  machine,  but  also  to  do  it  with  as  little  ex- 
penditure of  energy  as  possible.  Most  of  the  energy  required 
to  force  the  air  is  wasted  in  eddies  and  churning,  and  this  wasted 
energy  raises  the  temperature  of  the  air,  thus  decreasing  its 
cooling  effect.  I  remember  one  case  in  which  a  generator  pro- 
vided with  an  inefficient  blower  absorbing  100  h.p.  actually 
operated  with  a  lower  temperature  rise  when  the  fan  was  re- 
moved ;  and  there  are  a  number  of  turbo-generators  on  the  market 
in  which,  when  rotating  without  load  or  excitation,  the  tem- 
perature of  the  air  is  increased  15  deg.,  due  to  eddies  and  churning 
while  passing  through  the  machine. 


19131  DISCUSSION  AT  NEW  YORK  57 

The  cooling  system  of  most  turbo-generators  is  undoubtedly 
ineflBcient,  but  personally,  I  doubt  the  accuracy  of  the  very  high 
local  temperattires  sometimes  obtained  from  resistance  coil  or 
thermocouple  measurements.  It  required  ten  years'  experience 
of  the  manufacturers  and  a  considerable  amount  of  work  by  the 
St:»ndards  Committee  before  any  reliability  was  obtainable  in 
temperature  measurements  by  thermometer,  and  I  think  it 
\%dll  be  necessary  to  duplicate  this  work  before  any  reliance  can 
be  placed  on  the  usual  resistance  coil  or  thermocouple  tests.  Such 
measurements  must  at  the  present  time  be  considered  as  labora- 
tory- tests  requiring  an  observer  experienced  in  the  use  of  such 
methods,  and  are  worse  than  useless  in  the  hands  of  the  average 
tester.  The  most  reliable  deductions  are  those  drawn  from  ex- 
amination of  the  condition  of  machines  that  have  been  in  op- 
eration, and  as  Mr.  Lamme  has  pointed  out,  these  results 
emphasize  the  advisability  of  employing  some  high-temperature 
insulation  such  as  mica  in  both  the  field  magnets  and  armature 
of  any  generator  subject  to  the  severe  operating  conditions  of 
the  modem  large  high-speed  turbo-alternator.  Mica  as  an 
insulating  material  for  electrical  power  machinery  has  been  in 
disrepute  for  the  past  fifteen  years  on  account  of  its  poor  mechani- 
cal properties,  and  it  is  only  during  the  last  few  years  that 
methods  have  been  devised  for  using  this  material  under 
conditions  which  do  not  allow  it  to  be  subjected  to  mechanical 
abuse  either  during  the  manufacturing  processes  or  in  practical 
operation.  These  developments  in  regard  to  the  use  of  mica 
as  an  insulator  have  had  an  important  influence  on  the  develop- 
ment of  the  modem  high-speed  turbo-alternator  of  large  capacity. 

The  point  in  Mr.  Lamme 's  paper  which  probably  affects 
operating  engineers  most  is  that  it  is  clearly  shown  that  the 
carefully  worded  specifications  and  elaborate  detailed  guaran- 
tees usiially  required,  are  not  only  of  little  value,  but  inadvisable, 
as  tending  to  give  a  false  idea  of  security.  The  selection  of 
satisfactor>'  materials,  the  limiting  of  stresses  to  safe  values, 
the  choice  of  insulating  materials  and  the  adoption  of  an  ade- 
quate system  of  ventilation  which  will  avoid  the  presence  of 
dangerous  temperatures  in  inaccessible  parts  of  a  machine,  are 
all  questions  which  can  be  passed  upon  only  by  an  engineer 
who  has  had  wide  experience  in  the  design,  manufacture  and  op- 
eration of  these  \mits;  and  on  such  questions,  the  detailed 
guarantees  usually  specified  have  practically  no  application. 
Large  high-speed  units  are  coming  into  increasing  use  every  year 
and  it  will  be  well  for  prospective  purchasers  to  realize  that  they 
mtist  necessarily  depend  on  the  ability  and  standing  of  the  manu- 
facturer when  buying  such  units,  rather  than  on  some  specifi- 
cation containing  a  number  of  more  or  less  unimportant  guar- 
antees. 

Comfort  A.  Adams:  Mr.  Lamme  has  made  such  a  thorough 
job  of  the  subject  in  hand  that  I  will  confine  my  discussion  to 
a  more  quantitative  treatment  or  explanation  of  a  few  of  the  points 
made  in  the  paper. 
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First,  consider  the  relation  of  armature  copper  and  core 
losses  as  between  engine-driven  and  turbine-driven  alternators. 
For  a  given  gap  density  and  coil  pitch,  the  volts  per  foot  of  active 
conductor  will  be  proportional  to  the  peripheral  velocity,  or 
the  total  length  of  active  conductor  inversely  as  the  peripheral 
velocity.  Thus  if  the  current  density  in  the  copper  is  unchanged, 
the  armature  copper  loss  is  inversely  as  the  peripheral  velocity. 
A  change  in  the  ratio  of  idle  to  active  wire  or  in  the  coil  pitch 
may  modify  this  proportionality  somewhat  when  applied  to  the 
total  armature  copper  loss,  but  not  seriously.  Thus  a  jump 
from  a  peripheral  velocity  of  100  ft.  per  second  in  an  engine- 
driven  alternator  to  400  ft.  per  second  in  a  turbo-alternator 
means  a  reduction  of  armature  copper  loss  to  approximately  one- 
fourth. 

With  the  core  loss  it  is  quite  different.  For  a  given  frequency 
and  magnetic  density,  the  pole  pitch  and  therefore  the  depth 
of  core  back  of  slots  is  proportional  to  the  peripheral  velocity; 
thus  any  reduction  of  cylindrical  core  section  is  neutralized  by 
the  increased  core  depth;  moreover,  the  ratio  of  outer  core 
diameter  to  gap  diameter  is  so  much  larger  in  the  two-pole 
and  four-pole  machines  that  the  core  volume  and  thus  the  core 
losses  are  considerably  greater  for  the  same  magnetic  densities. 
The  actual  ratios  are  as  follows:  a  two-pole  machine  has  about 
80  per  cent  more  core  volume  and  core  loss  than  a  60-pole  ma- 
chine, other  things  being  equal,  a  four-pole  machine  40  per  cent 
more,  an  eight-pole  machine  20  per  cent  more,  and  so  on.  This 
increase  of  core  loss  back  of  the  slots  is,  however,  slightly 
neutralized  by  less  tooth  volume  and  tooth  loss.  Thus  the 
ratio  of  core  to  copper  loss  is  several  times  as  great  as  in  the 
engine-driven  machine.  This  has  an  important  bearing  on  the 
method  of  ventilation,  as  indicated  in  Mr.  Lammc^s  paper. 

A  similar  change  in  distribution  takes  place  between  the 
various  elements  of  leakage  reactance,  the  slot  leakage  de- 
creasing as  the  length  of  active  conductor  decreases  and  the 
peripheral  velocity  increases,  while  the  coil  end  reactance  in- 
creases materially. 

Coming  now  to  the  question  of  heating,  it  may  be  interesting 
to  apply  a  simple  calculation  to  a  condition  which  is  sufficiently 
near  the  facts  in  some  cases  to  make  the  results  significant  and 
instructive.      Consider  a   copper   conductor   completely    heat- 
insulated   laterally   so  that  the  heat  generated   therein    must 
flow  to  the  ends — to  find  the  difference  of  temperature  between 
the  center  and  the  ends. 
Let/=  embedded  length  of  conductor  in  core  (cm.). 
a  =  current  density  in  amperes  per  sq.  cm. 
p  =  resistivity  of  conductor  in  ohms  per  cm.  per  sq.  cm. 
p'  =  a^  p  =  watts  per  cubic  cm.  of  conductor. 
d  =  thermal  resistivity  of  conductor  in  deg.  cent,  per  watt 

per  cm.  per  sq.  cm. 
X  =  distance  of  any  point  from  center  of  conductor. 
p^ X  =  waits  Sow  of  heat  through  the  conduetox  at  oc. 
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Then  the  difference  in  temperatixre  between  the  ends  of  the 
element  dx  is 

dT  =  a^ p  6 xdx 
and  the  difference  of  temperature  between  the  center  and  end  is 
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X  dx  ^ 
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Taking  p  =  2.20  XIO"*  (at  90  dog.  cent.)  and  0  =  0.29, 
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Table  I  gives  values  of  T  for  various  values  of  a  and  / 


Table  I 


Amperes 

per 
•q.  cm. 


150 
200 
260 
300 
400 


Amx>eret 

per 
sq.  in. 


970 
1290 
1610 
1940 
2580 


Cir.  mils 
per 

I 

20  in. 

40  in. 

60  in. 

80  in. 

ampere 

50.8  cm. 

101.6  cm. 

152.4  cm. 

203. 2cm. 

1310 

4.65  deg. 

18.6  deg. 

42  deg. 

74.5  deg. 

985 

8.3  deg. 

33.2  deg. 

75  deg. 

133  deg. 

790 

13.0  deg. 

52  deg. 

117  deg. 

208  deg. 

655 

18.6  deg. 

74.4  deg. 

168  deg. 

297   deg. 

493 

33.2  deg. 

133  deg. 

300  deg. 

530  deg. 

There  is  thus  a  pretty  definite  limit  to  the  safe  length  of  em- 
bedded conductor  unless  considerable  heat  escapes  through 
the  slot  insulation,  or,  for  a  very  long  core  it  is  pretty  certain 
that  most  of  the  heat  generated  near  the  center  of  the  em- 
bedded conductor  must  flow  through  the  slot  insulation. 

In  such  a  case  the  temperature  difference  between  slot  copper 
and  core  may  be  approximately  determined  as  follows: 

Let  5  =  area  of  section  of  coil  (or  double  coil  in  a  two-layer 
winding)  inside  of  coil-  and  slot-insulation.  The  perimeter  of 
this  section,  or  the  cross-section  (per  unit  of  slot  length)  of  the 
path  through  which  the  heat  must  flow,  will  be,  for  an  average 

slot  shape,  4.5  V5. 

Let/,  =  copper  space  factor  within  the  coil  insulation. 
Then  the  copper  watts  per  cm.  length  of  slot  will  be 


1 
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Let  6  =  the  thermal  resistivity  in  deg.  cent,  j^er  watt  per  cm. 
per  sq.  cm.,  and  /  =  (cm.)  thickness  of  insulation,  iron  to  copper. 
Then  the  temperature  difference  between  copper  and  iron  will  be 

4.5V5  4.5 


(''Xi«')(w)(4y(i«')^-^-^- 


(3) 


0 


Take  p  X  lO*  =  2.2  (90 deg.  cent.),  ,";,     =  0.  7,  and/.  =  0.8 

llr 

(large  machine,  bar-wound). 
This  value  of  d  is  an  average  for  the  ordinarv  slot  insulations. 
Then 


r=2.2  X  0.7  X  0.8  (-^ -)  (100  ^ 


=  1.23  (    1^,   )(10/)  v'6-  (4) 


or  the  temperature  gradient  in  deg.  cent.  |X'r  mm.  is 

2 


^"•  =  >-2Kw)^'' 


(6) 


Values  of  Tm  are  given  in  Table  II  for  various  values  of  a  and  S, 


Table  II 
Deg.  cent,  per  mm.  thickness  of  insulation. 


Amperes 


per  sq.  cm. 

0.25 

0.50 

0.75 

1.00 

deg. 

deg. 

deg. 

deg. 

150 

1.39 

1.95 

2.4 

2.77 

200 

2.46 

3.48 

4.26 

4.92 

250 

3.85 

5.45 

6.67 

7.7 

300 

5.55 

7.85 

9.6 

11.1 

400 

9.84 

13.9 

17 

1.50 

2.00 

2.5 

deg. 

deg. 

iicg. 

3.4 

3.92 

4.38 

6.03 

6.95 

7.8 

9.43 

10.9 

12.2 

13 

For  wire- wound  machines  /,  will  be  less,  but  there  may  be  a 
considerable  temperature  gradient  between  the  center  of  the 
coil  section  and  the  inside  of  the  coil  insulation,  so  that  equation 
(5)  will  give  too  small  values  if  used  to  determine  the  maximum 
internal  temperature  of  wire-wound  macliincs,  i)articularly  where 
there  are  many  turns  (.)f  fmc  wire. 

When  considering  the  flow  of  heat  from  copper  to  iron,  it  is 
obviously  desirable  to  Jcnow  whal  happews  \w  V\ve  vcow  \tsclf , 
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Consider  a  large  mass  of  laminations  in  which  heat  is  being  gene- 
rated by  core  loss  at  the  rate  of  p'  watts  per  cu.  cm. 

Assume  first  that  the  heat  flows  only  parallel  to  the  lamina- 
tions, and  let  I  be  the  total  depth  of  laminations.  Then,  from 
equation    (1) , 

r=-^p  (6) 


Take  6  =  2.4.  Then  T  =  0.3  p'  P  (7) 

Table  III  gives  values  of  T  for  various  values  of  p'  and  /. 


Tablk  III 


p' 


0.01 
0.02 
0.03 
0.04 
0.05 


Watts 

Watts 

per 

per 

cu.  in. 

lb. 

0  164 

0  58 

0.328 

1.16 

0.492 

1.74 

0.656 

2.33 

0.82 

2.02 

4  in. 

8  in. 

12  in. 

16  in. 

20  in. 

10.2  cm. 

20.3  cm. 

30.5  cm. 

40.6  cm. 

50.8  cm. 

deg. 

deg. 

deg. 

deg. 

deg. 

0.31 

1.25 

2.8 

5 

7.7 

0.62 

2.50 

5.6 

10 

15.5     ' 

0.94 

3.75 

8.4 

15 

23.2 

1.24 

5.00 

11.2 

20 

31 

1.55 

6.25 

14.00 

25 

37.7 

30  in. 
76  cm. 


deg. 
11.2 
22.3 
34.0 
44.7 
56 


This  assumes  that  the  two  exposed  edges  are  at  the  same 
temperature.  If  this  is  not  the  case,  the  temperature  differ- 
ence will  be  slightly  less  with  respect  to  the  hotter  edge  and 
preater  with  respect  to  the  cooler  edge  or  surface. 

Next  assume  that  the  flow  of  heat  in  the  core  is  entirely  across 
the  laminations.  From  Table  III  it  is  obvious  that  in  the  case 
of  deep  cores  without  transverse  or  axial  ducts,  the  above  as- 
sumption vn\\  approximately  represent  the  facts,  at  least  so  far 
as  the  radially  central  part  of  the  core  is  concerned. 

For  this  case  take  d  =  30.  This  varies  considerably  with 
the  tightness  of  the  laminations,  and  is  frequently  larger  than 
the  value  here  assumed. 

Equation  (6)  thus  becomes 

T  =  3.75  />'  /2  (7) 

Table  IV  gives  values  of  T  for  various  values  of  />'  and  /. 


Table  IV 


Watu  per 
cu.  cm. 


\ 


2.0  in. 
5.08  cm. 


0  01 
0  02 
0  03 
O  04 
0.06 


0  97  deg. 
1 .  94  deg. 
2.9   deg. 
3.88  deg. 
4.85  deg. 


2.5  in. 
6.34  cm. 


1 . 5  deg. 
3  0  (\t^g. 
4.5  deg. 
6.0  deg. 
7.6  deg. 


3.0  in. 

3.5  in. 

7.62  cm. 

8.9  cm. 

2. 17  deg. 

3  deg. 

4.;i5deg. 

6  deg. 

6. 52  deg. 

9  deg. 

8.7   deg. 

12  deg. 

i0.9deg. 

15  deg. 
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These  are  merely  suggestions  of  what  may  be  done  with 
simple  calculations,  the  results  of  which,  though  somewhat 
crude,  are  very  significant. 

Mr.  Lamme's  paper  illustrates  what  the  writer  has  so  often 
urged,  the  importance  of  careful  analysis  of  each  problem  from 
the  groundwork  of  fundamental  principles,  the  habit  of  thinking 
rather  than  simply  remembering,,  and  particularly  the  habit  of 
thinking /tr5/  before  being  forced  to  do  so  by  the  f ailiu'e  of  some 
plan  or  design. 

Allan  B.  Field:  Mr.  Lamme^s  description  of  the  general 
turbo  situation  carries  us  so  easily  through  the  history  that 
we  are  apt  to  overlook  the  great  difficulties  that  were  encountered 
in  connection  with  the  early  big  machines,  five  or  six  years  ago, 
the  difficulties,  for  instance,  in  obtaining  suitable  large  steel 
forgings  and  castings.  Mr.  Lamme  and  his  associates,  in  con- 
junction with  the  steel  foundries  and  mills,  carried  out  a  lengthy 
investigation,  to  determine  the  best  means  of  producing  this 
material,  the  compositions  to  be  used  for  the  steels,  and  the 
method  of  casting  and  heat-treating.  Large  castings  and  for- 
gings were  cut  up  and  test  pieces  taken  out  in  many  directions 
and  positions,  to  determine  the  effects  of  various  factors. 

These  difficulties  in  obtaining  large  masses  of  steel  having  the 
desired  physical  properties,  increase  rapidly  as  the  sizes  go  up. 
If  the  steel  mills  are  asked  whether  they  can  provide  a  rotor 
forging,  say,  55  or  60  in.  in  diameter,  and  weighing  some  60,000 
or  80,000  lb.,  they  will  assent  at  once.  If  we  begin  to  inquire 
about  tests,  they  are  quite  willing  to  accept  fairly  rigid  specifi- 
cations, but  will  want  to  locate  the  test  bars  at  the  ends  of  the 
forging,  where  there  has  been  a  considerable  amount  of  forging 
work  done;  when  we  insist  on  locating  these  test  bars  in  the 
large  diameter  of  the  rotor,  the  steel  mills  require  an  easier  mate- 
rial specification.  If  we  go  further,  and  wish  to  take  the  test 
bars  out  in  the  direction  in  which  they  tell  us  most,  viz.,  in  the 
radial  direction,  the  steel  mill  will  refuse,  or  give  such  specifi- 
cations as  are  of  very  little  value.  It  is  such  considerations  as 
these  that  have  forced  the  rotor  construction  along  new  lines  in 
recent  years.  The  use  of  heavy  steel  plates  for  turbo  rotors  is 
comparatively  old,  having  been  adopted  for  a  number  of  years 
both  in  Eiu*ope  and  in  this  country,  in  cases  where  a  through- 
shaft  can  be  employed.  In  the  largest  machines  under  discus- 
sion, where  rotor  ventilation  becomes  a  necessity,  where  the 
slots  are  deep,  and  where  ventilation  slots  below  the  winding 
slots  are  required,  the  stresses  in  the  center  of  the  disk,  with  a 
hole  through  for  a  shaft,  run  up  to  figures  which  render  the  use 
of  special  steel  advisable.  Such  material  is  somewhat  hard  to 
obtain,  particularly  when  the  mills  are  busy.  By  using  a  plate 
without  a  hole  in  the  center,  the  stresses  in  this  region  are  kept 
down  comparatively  low,  and  a  commercial  material  can  be  used. 

This  construction,  which  is  illustrated  in  Figs.  5,  6  and  12  of 
of  the  paper  and  which  was  first  ])roposed  by  Mr.  B.  A.  Behrend, 
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appears  a  very  bold  one  at  first  sight.  'Jlic  solid  plates  are 
rabetted  together,  assembled  between  two  flanged  shaft  ends, 
and  the  whole  clamped  together  by  means  of  large  bolts  located 
in  the  poles.  There  is  no  through-shaft,  and  the  resistance  to 
twisting  of  the  rotor  is  entirely  one  of  friction,  aided  by  the  shear 
resistance  of  the  bolts.  However,  a  little  investigation  showed 
that  this  was  quite  a  feasible  form  of  construction,  a  conclusion 
entirely  bom  out  by  subsequent  results.  Plate  steel  is  a  com- 
mercial form  in  which  this  material  can  be  most  relied  upon,  and 
the  flanges  on  the  two  stub  shaft  ends  are  thin  enough  to  be 
formed  by  upsetting,  instead  of  forging  down,  thus  obtaining 
excellent  properties  in  a  radial  direction.  For  the  smaller  radial- 
slot  rotors,  solid  forgings  can  be  satisfactorily  used,  and  where 
ventilation  is  required  this  is  generally  obtained  by  grooving 
down  the  rotor  in  a  lathe  in  several  places,  the  grooves  extending 
all  the  way  around  and  communicating  with  axial  air  passages.  In 
the  solid  plate  constructions,  these  grooves  are  formed  by  milling 
the  flat  face  of  the  plate  in  the  region  of  the  slots  only,  leaving 
the  full  thickness  of  the  plate  in  the  polar  region.  In  this  way 
the  rigidity  of  the  rotor  is  not  impaired  by  the  means  for  ven- 
tilation and  an  exceedingly  stiff  construction  can  be  obtained. 

There  have  been  several  references  in  the  discussion  to  the 
critical  speed.  I  am  of  the  opinion  that  there  are  many  more 
machines  nmning  above  their  critical  speed  than  is  generally 
believed.  Machines  can  be  made  to  run  satisfactorily  above  the 
critical  speed,  but  there  is  a  considerable  advantage  in  running 
below,  where  this  is  commercially  feasible.  This  is  particularly 
so  in  the  case  of  the  four-pole  machine,  as  distinguished  from 
the  two-pole  machine.  In  the  cavse  of  the  four-pole  machine  a 
short-circuited  turn  on  one  pole,  for  instance,  will  considerably 
unbalance  a  machine  that  is  mechanically  balanced,  if  it  is 
running  above  its  critical  speed;  on  the  other  hand,  a  large  per- 
centage of  the  winding  on  one  pole  can  be  short-circuited  without 
causing  vibration,  if  the  machine  is  running  below  its  critical 
speed.  There  are  also  advantages  in  a  stiff  rotor  for  the  two- 
pole  case. 

The  constructions  discussed  here  provide  some  very  large 
machines  running  below  their  critical  speed,  and  this  feature  is 
beUeved  to  be  of  considerable  importance,  and  one  for  which  it 
would  be  worth  while  to  sacrifice  to  some  extent  electrical  con- 
siderations, when  necessary. 

Mr.  Jimkersfeld  has  referred  to  the  question  of  the  collection 
of  dirt  in  generators,  and  has  drawn  attention  to  the  fact  that 
exploring  coils  might  be  put  in  and  the  temperature  rise  used  as 
a  criterion  for  the  periodical  cleaning.  With  the  more  common 
methods  of  stator  ventilation,  the  vent  entrances,  being  limited 
by  tooth  size  and  duct  width,  are  small  and  rather  easily  clogged, 
and  the  air  passages  are  intricate;  further,  to  clean  them  out 
the  rotor  must  be  removed  and  even  then  a  thorough  cleaning 
is  difficult.     In  the  case  of  the  axial  arrangement  of  ventilation 
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described  in  Mr.  Lamme's  paper,  the  vents  are  straight  and 
large,  and  of  uniform  section  throughout  their  length,  and  it 
is  generally  possible  to  clean  them  out  without  removing  the 
rotor,  by  merely  passing  through  them  a  wire  scratch  brush 
similar  to  a  rifle  cleaning  brush. 

W.  J.  Foster  (by  letter):  Limitations  in  design  are  less  op- 
pressive with  the  selection  of  proper  voltage.  For  three-phase 
generators  of  over  20,000  kv-a.,  that  have  only  two  poles,  poten- 
tial of  10,000  or  11,000  volts  is  probably  preferable  to  6600, 
since  the  problems  of  insulating  are  not  so  serious  as  the  difficul- 
ties involved  in  a  design  with  too  small  a  number  of  slots  and  with 
conductors  carrying  excessive  current. 

The  limitations  in  design  can  undoubtedly  be  reduced  in  the 
case  of  the  largest  two-pole  generators  by  increasing  the  number 
of  phases  to  six  or  twelve.  It  would  probably  be  found  in  con- 
nection with  a  40,000-kv-a.,  1500-rev.  per  min.,  25-cycle  generator 
that  decided  advantages  would  result  from  the  use  of  twelve 
phases  and  about  4000  volts. 

The  fields  of  the  largest  generators  should  never  be  wound  for 
less  than  250- volt  excitation. 

Mr.  Lamme  rightly  dwells  upon  Ide  desirability  of  an  insula- 
tion that  will  stand  temperatures  as  high  as  125  deg.  cent.  It 
is  to  be  hoped  that  the  particular  type  of  mica  insulation  de- 
scribed has  raised  the  safe  limit  to  that  figure,  and  that  further 
improvement  in  the  use  of  mica  or  the  development  of  some  other 
type  of  insulation  will  raise  it  to  a  much  higher  figure  with  safe 
internal  temperatures. 

In  the  matter  of  the  limitation  due  to  the  ventilation  problem, 
the  designer  often  has  it  in  his  power,  in  connection  with  very 
large  (possibly  not  the  largest)  machines,  to  exaggerate  certain 
features,  such  as  the  use  of  an  extremely  large  air  gap  and  stator 
slots  left  open  at  the  gap.  This  can  be  done  by  deliberately  in- 
creasing the  axial  length  of  the  machine,  thus  reducing  the  pole 
face  density  and  not  increasing  at  all  the  magnetic  reluctance 
in  the  air  gap.  Of  course,  such  a  design  involves  a  decided  in- 
crease in  the  amount  of  material  used. 

K.  E.  Czeija  (by  letter) :  Mr.  Lamme  has  considered  all  points 
of  interest  in  regard  to  modem  turbo-alternator  design,  and  after 
this  logical  separation  and  analysis  of  the  different  problems,  a 
discussion  of  the  details  seems  unnecessary.  Nevertheless,  I 
would  like  to  mention  a  few  points  that  seem  to  be  worth  while 
considering  in  regard  to  the  axial  ventilation  problem. 

Evidently,  the  most  effective  ventilating  scheme  will  be  ob- 
tained when  for  a  minimum  amount  of  energy  required  for  cir- 
culating the  air  through  the  machine,  a  maximum  amount  of 
heat  will  be  absorbed  by  this  air.  We  will  come  nearest  to  this 
ideal  condition  when  the  path  of  the  air  through  the  machine 
has  the  least  possible  number  of  changes  in  the  direction  in  which 
it  is  flowing,  and  moreover,  when  it  comes  in  contact  with  those 
surfaces  to  which  the  heat  from  the  inner  part  is  conducted  with 
t/ie  smallest  possible  resistance. 
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If  the  cooling  air  enters  the  machine  at  one  side  in  order  to  be 
blown  in  an  axial  direction  through  the  stator,  the  air  gap,  and 
the  rotor,  the  only  important  question  will  be  the  length  of  the 
paths  along  which  the  air  may  be  moved  without  the  temperatiure 
difference  between  the  air  and  the  surrounding  metal  parts  be- 
coming too  small  to  be  effective.  For  the  case  in  which  the  limit 
set  by  this  principle  will  be  exceeded,  it  will  be  necessary  to  divide 
the  cooling  air  paths  in  two  or  more  parts. 

It  has  been  proved  that  the  introduction  of  radial  ventilating 
ducts  wider  than  the  usual  i  to  |  in.  (12.7  to  19  mm.)  will  pro- 
duce local  losses  due  to  imequal  flux  distribution  in  axial  direc- 
tion along  the  stator  core,  imequal  dielectric  stresses  in  the  insula- 
tion material,  whirling  of  the  air,  and  cause  noise,  in  addition 
to  which  dirt  may  collect  at  some  places. 
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Fig.  10 


In  order  not  to  subdivide  the  stator  iron  more  than  absolutely 
necessary,  and  in  order  to  get  the  smallest  distance  between  bear- 
ings, where  it  is  advisable  to  adhere  to  the  axial  ventilation  prin- 
ciple, the  number  of  radial  air  ducts  should  be  kept  as  small  as 
possible. 

The  sketch  herewith  (Fig.  10)  represents  a  very  interesting 
example  of  the  straight  axial  ventilation  principle  applied  on  a 
7500-kv-a.  three-phase  turbo-alternator*  for  2200  volts,  70  per 
cent  power  factor,  50  cycles  and  1500  rev.  per  min.  In  addition 
to  the  values  shown  in  the  sketch,  the  following  data  will  be  of 
interest  on  account  of  the  length  of  this  machine,  representing 
probably  the  maximum  obtainable  length  of  undivided  axial 
air  paths. 


♦BuiJ^  in  Germany. 
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Running  without  armature  current  and  a  field  current  corres- 
ponding to  full  load  zero  power  factor,  the  following  losses  and 
temperattures  were  tested: 

Iron  loss  100  kw. 

/*  R  field  30  kw. 

Windage  42  kw. 

At  the  total  air  quantity  of  approximately  19,000  cu.  ft.  (538  cu.  m.) 
per  minute,  the  incoming  air  is  20  deg.  cent.,  the  outgoing  air  50  deg.  cent. 

Stator  iron  at  the  inlet  side  27  deg.  cent. 
•         «       «     «  outlet  "     83  deg.  cent. 

f  Alexander  Gray  (by  letter) :  A  clear  conception  of  the  subject 
of  ventilation  is  of  the  utmost  importance  to  the  designer  of 
electrical  machinery  and  particularly  to  the  designer  of  tttfbo- 
altemators,  and  for  that  reason  I  have  considered  it  advisable  to 
enlarge  on  the  subject  of  axial  ventilation. 

The  statement  is  often  made  that,  since  the  conductivity  of 
iron  along  the  laminations  is  much  greater  than  that  across  the 
laminations  and  layers  of  varnish,  it  is  advisable  to  cool  an  iron 
core  by  means  of  axial  ducts,  so  that  the  cool- 
ing air  can  be  blown  across  the  ends  of  the  \  3 
laminations.     This  statement  is  misleading.          |       [      T 
That  of  Mr.  Lamme  is  more  guarded;  he          I        dj^l 
states  that  "  if  all  the  heat  could  be  con-        cl       |  "T^ 
ducted  along  the  laminations  to  the  ventila-          I       ;   Y  i 
ting  surfaces,  apparently  much  more  effective      — ^" — -^ — *-^- 
heat  dissipation  could  be  obtained,  provided          «       1 
sufficient  surface  be  exposed  to  the  air."                  |       r  -> 

The  tiu-bo-altemator  is  a  large  and  expen- 
sive machine.    There  is  therefore  little  chance 


of  such  machines  being  specially  built  for  ' 

experimental  purposes,  and  the  designer  has  Fig.   11 

to  depend  largely  on  the  intuition  gained 
from  a  wide  experience  with  other  types  of  electrical  machinery. 

The  following  investigation  in  which  the  conductivity  of  the 
iron  core  is  compared  with  that  of  the  surface  between  the  iron 
and  the  adjoining  air  is  of  considerable  interest.  Fig.  1 1  shows  an 
iron  core  built  up  of  laminations  which  are  separated  from  one 
another  by  layers  of  varnish;  the  loss  in  this  core  is  supposed  to 
be  imiform  throughout  its  volume.  The  heat  generated  in  the 
core  has  to  be  conducted  to  and  dissipated  by  the  surfaces  B 
and  C 

If  all  the  heat  passes  in  the  direction  Y  then  the  watts  crossing 
each  square  inch  of  the  core  at  y  =  (watts  per  cu.  in.)  y  and  the 
difference  in  temperatiu-e  between  two  siirfaces  a  distance  dy 
apart 

(watts  per  cu.  in.)  y  dy    ^ 

■■  -^ — 7—= deg.  cent., 

1.0 

where  1 . 5  is  the  thermal  conductivity  of  iron  in  watts  per  inch 
cube  per  deg.  cent,  difference  in  temperature.    The  difference  in 
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temp^ature  between  surfaces  A  and  B  for  the  assumed  condi- 
tions is  therefore 

(watts  per  cu.  in.)  F*    , 
= — 5 deg.  cent. 

When  air  is  blown  across  the  surface  of  an  iron  core  with  a 
velocity  of  V  ft.  per  min.,  the  watts  dissipated  per  square  inch  of 
the  surface  for  1  deg.  cent,  rise  of  the  surface  temperature  = 
0.0245  (1  +  0.00127  7)*.  If  then  the  heat  is  all  dissipated  by 
the  surfaces  -B,  the  difference  in  temperature  between  surface  B 
and  the  air  =  7*6 

_      (watts  per  cu.  in.)  Y     - 
0.0246  (1  +  0.00127  V)     ^^' 

In  the  same  way,  if  it  is  assvmied  that  all  the  heat  generated 
in  the  iron  core  passes  in  the  direction  X,  then,  since  the  conduc- 
tivity across  the  laminations  may  be  taken  as  1/50  of  that  along 
the  laminations  for  an  iron  core  built  up  with  varnish  and  paper 
between  the  laminations, 

Tac  =  (watts  per  cu.  in.)  — ^ —  deg.  cent. 


T   —      (watts  per  cu.  in.)  X       - 
'  -    0.0245  (1  +  0.00127  V)      ^^' 

For  a  60-cycle  turbo-alternator  assume  the  following  figures: 

pole  pitch  =  40  in.  (1016  mm.) 
core  depth  behind  teeth  =  14  in.  (355.6  mm.)  =  2  F 
space  between  vent  ducts  =  2  in.  (50.8  mm.)  =  2  -X" 
air  velocity  across  the  surfaces  =  6000  ft.  (1829  m.)  per  min. 
Then  T^  =  17  deg.  cent. 
Tac  =17  deg.  cent. 
Th  =  33  deg.  cent. 
Tc  =  4.7  deg.  cent. 
Tmb  +  7»  =  50  deg.  cent. 
T^+  Tc  =  22  deg.  cent. 
That  is  to  say,  for  the  assumed  conditions  the  thermal  conduc- 
tivity along  the  laminations  and  across  the  surface  is  only  43 
per  cent  of  that  across  the  laminations  and  surface;  there  is 
evidently  still  a  strong  case  for  radial  vent  ducts. 

In  the  actual  case  there  is  of  coiu^e  a  larger  loss  per  imit  volume 
in  the  teeth  than  in  the  core  behind  the  teeth,  and  in  some  other 
respects  the  case  discussed  does  not  correspond  exactly  with  that 
of  the  turbo-alternator  core,  but  the  argtunent  has  been  worked 

^Ott;  Electrician,  March  7,  1907.  ^ 


68 


T  URBO'A  L  TER  NA  TORS 


[Jan.  10 


up  to  show  that,  compared  with  the  surface  resistance  between 
the  iron  and  the  air,  the  thermal  resistance  across  the  laminations 
is  relatively  not  very  large. 

Since  it  is  necessary  to  keep  the  insulation  cool,  it  would  seem 
that  axial  ventilation  along  the  air  gap  is  desirable,  but  such  venti- 
lation should  be  combined  with  circumferential  ventilation  in 
order  to  keep  the  bulk  of  the  core  cool.  Fig.  12  shows  a 
method  of  ventilation  which  has  advantages  for  machines  that 
are  not  too  large;  for  long  machines  the  air  for  circumferential 
ventilation  should  be  sent  in  from  both  ends  of  the  machine; 
that  for  axial  ventilation  along  the  air  gap  should  also  be  sent  in 
from  the  ends  and  then  led  out  through  a  wide  duct  in  the  center 
of  the  core.  In  the  diagram  shown  there  are  ten  short  paths 
through  the  core,  and  with  ducts  spaced  so  that  the  blocks  of  iron 
are  2  in.  (50.8  mm.)  thick  and  with  a  core  density  of  60,000  lines 
per  sq.  in  (9300  lines  per  sq.  cm.)  at  60  cycles,  it  is  possible  to  get 
100  cu.  ft.  (2.83  cu.  m.)  of  air  per  min.  through  the  machine  per 


Fig.    12 


kilowatt  loss  without  the  velocity  in  the  ducts  exceeding  4000  ft. 
(1219  m.)  per  min. 

The  statement  in  Mr.  Lamnic's  paper  that  the  temperature  of 
the  iron  does  not  limit  the  machine,  but  rather  that  of  the  insula- 
tion, requires  some  modification.  The  above  investigation  "shows 
that  at  certain  points  in  the  body  of  the  core  the  temperature 
may  be  20  deg.  cent,  higher  than  that  of  the  surfaces  of  the  vent 
ducts,  and  we  are  asked  to  approve  of  siuface  temperatures  of 
the  order  of  100  deg.  cent.  Such  temperatures  are  not  safe  unless 
non-aging  iron  is  used  for  the  core,  and  the  writer  would  like  to 
know  if  time  tests  are  made  on  the  iron  used  for  turbo-alterna- 
tors at  the  temperatures  which  may  be  expected  in  the  body  of 
the  core  when  the  machine  is  in  operation,  in  order  to  determine 
whether  or  not  the  iron  loss  increases  with  time. 

It  has  been  evident  for  some  time  that  the  measurement  of 
temperature  rise  by  thermometer,  and  a  guarantee  of  40  deg.  cent, 
rise^  have  become  obsolete^  and  yet  a  temperature  rise  of  80  or 
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100  deg.  cent.,  the  temperature  to  be  measured  by  resistance  or 
by  a  resistance  thermometer,  is  unsafe  unless  mica  insulation  is 
used.  It  would  therefore  seem  that  the  ptu'chaser  of  a  turbo- 
alternator  has  to  depend  largely  on  the  reputation  of  the  manu- 
facturing company,  rather  than  on  a  written  specification,  to 
ensure  satisfaction,  and  also  that  ordinary  witness  tests  are  of 
little  value  compared  with  tests  nm  over  a  long  period  of  time. 
That  being  the  case,  the  writer  would  like  to  have  an  opinion  as 
to  what  kind  of  clause  should  be  inserted  in  specifications  in 
order  to  protect  both  the  ptu'chaser  and  the  manufacttu'er  and 
also  what  tests  should  be  considered  as  satisfactory  for  acceptance 
of  the  machine.  The  purchaser  should  be  protected  against 
deterioration  of  the  insulation  and  increase  of  the  core  loss  due  to 
high  operating  temperatures  and  yet  the  manufacturer  should 
not  be  required  to  wait  indefinitely  for  his  money. 
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Fig.    13 


Bradley  T.  McCormick  (by  letter):  Under  the  subject  of 
temperature  rise,  Mr.  Lamme  refers  to  machines  in  which  the 
stator  teeth  are  hotter  than  the  copper.  Such  a  condition  might 
exist  at  low  loads,  but  I  am  inclined  to  believe  that  on  turbos  of 
usual  design,  the  hottest  spot  in  the  stator  at  full  load  is  the  point 
a  (see  Fig.  13),  the  copper  in  the  top  of  the  slot  in  the  center  of 
the  maclune;  and  that  the  most  difficult  problem  in  stator  design 
is  to  keep  this  point  at  a  temperature  low  enough  to  prevent 
injury  to  the  insulation.  On  machines  of  the  turbo  type  it  is 
hardly  probable  that  the  teeth  can  ever  be  hotter  than  the  copper 
in  the  center  of  the  machine,  unless  the  iron  is  so  poorly  ventilated 
that  the  teeth  and  core  are  much  hotter  than  they  should  be, 
in  which  case  the  machine  will  not  meet  the  guaranteed  tempera- 
ture rise. 
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Suppose,  for  the  sake  of  argument,  that  the  teeth  are  hotter 
than  the  copper.  Then  no  heat  flows  from  the  windings  into  the 
iron,  but  all  the  heat  generated  in  the  coils  must  flow  along  the 
copper  to  the  coil  ends,  and  there  be  carried  away  by  the  air. 
It  can  be  shown  that  in  order  to  force  the  heat  to  travel  along 
this  path,  the  difference  in  temperature  between  the  copper  at 
the  center  of  the  machine  and  the  outside  surface  of  the  coil 
ends,  will  be  so  great  that  the  resulting  temperatiu-e  of  the  copper 
at  the  center  of  the  machine,  and  the  teeth,  (which  we  have  as- 
sumed to  be  hotter  still,)  will  be  quite  beyond  the  limit  of  safety. 

Take  an  example  from  a  machine  which  is  operating  success- 
fully. We  have  a  total  embedded  length  of  stator  copper  of  35^  in. 
(901.7  mm.)  working  at  a  density  of  820  cir.  mils  per  ampere. 
We  will  first  assimie  that  there  are  no  eddy  currents.  If  all  the 
heat  flows  along  the  copper  and  out  at  the  ends,  we  have,  as  the 
difference  in  temperature  between  the  copper  in  the  center  of  the 
machine  at  a»  and  at  the  point  6,  where  the  coil  leaves  the  slot, 

0.0625  X  l(fi  If 


(cir.  mils  per  ampere)' 

^  0.0625  X  10<>  X  (17K)' 
820* 


=  29  deg.  cent. 


where  0.0625  is  a  constant  involving  the  heat  conductivity  of 
copper. 

Practically  no  heat  can  find  its  way  out  from  the  coil  to  the  air 
gap  through  the  wooden  or  fiber  wedge,  on  account  of  its  poor 
heat  conductivity.  Some  of  the  heat  will  be  dissipated  at  that 
part  of  the  coil  ends  near  the  core,  while  the  remainder  will  flow 
along  the  coil  ends  and  be  dissipated  near  the  clips  or  U  bends. 
A  further  difference  in  temperature  is  therefore  necessary  to  pass 
the  heat  from  the  point  h  to  points  further  along  on  the  ends  of 
the  coils,  where  it  can  be  carried  away  by  the  blast  of  air.  This 
temperature  difference  it  is  extremely  difficult  to  calculate,  but 
it  can  be  roughly  estimated.  If  we  assume  for  simplicity  that 
the  end  connection  temperature  drops  uniformly  from  the  iron  to 
the  clips,  then  the  temperature  of  the  point  c  will  be  the  mean 
temperature  of  the  coil  ends,  and  we  can  consider  the  problem 
as  if  all  the  heat  generated  inside  the  slots  were  conducted  to  the 
point  c  midway  between  the  iron  and  the  clips,  and  dissipated  at 
this  point.    We  shall  then  have 

T.^hTi-^  =  \  (29)  ^  =  22.3  deg.  cent. 

where  Tg  is  the  difference  in  temperature  between  the  points  b 
and  c. 
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A  still  further  temperature  difference  is  necessary  to  pass  the 
entire  stator  copper  loss  through  the  insulation  on  the  ends  of  the 
coils.  Prom  the  thickness  and  quaUty  of  insulation,  and  the 
surface  exposed  to  the  air,  the  temperattu-e  drop  across  the  cdil 
endl^nsulation  is  estimated  at  13  deg.  cent,  for  this  machine. 

Assume  now  that  the  air  blowing  on  the  coil  ends  is  at  25  deg. 
cent,  and  that  the  blast  is  sufficient  to  limit  the  running  tempera- 
ture of  the  surface  of  the  coils  at  c,  to  40  deg.  cent.  TWs  assump- 
tion of  only  15  deg.  cent,  rise  of  coil  surface  exposed  to  air  is  cer- 
tainly as  low  as  could  be  expected. 

We  can  now  calculate  the  temperature  of  the  copper  at  the 
center  of  the  machine,  which  will  be  as  follows : 

29  deg.  temperature  drop  between  a  and  b 

22     •  «  «  «        6  and  c 

13     *  *  *  across  coil  end  insulation 

40     •  "of  surface  of  coil  ends  while  running 

104  deg.  cent.,  temperature  of  copper  in  center  of  machine. 

This  temperature  of  104  deg.  cent,  is  quite  up  to  the  limit  of 
safety  for  cotton  insulation,  and  allows  of  no  overload.  Further- 
more, this  figure  is  based  upon  the  assumption  that  eddy  currents 
are  absent,  a  condition  never  fully  realized  in  practise.  A  great 
many  machines  are  operating  successfully  with  a  total  stator 
copper  loss,  including  eddy  current  losses,  of  two  or  three  times 
the  normal  PR,  or  even  higher.  Assuming  that  in  our  example 
we  have  a  total  stator  copper  loss  of  only  1^  times  the  normal 
PR,  and  that  the  running  temperatiu-e  of  the  coil  ends  is  still 
40  deg.  cent,  as  before,  then  the  first  three  items  in  the  sum  will 
be  increased  50  per  cent,  and  a  resulting  temperature  of  136  deg. 
cent,  will  be  obtained  for  the  point  a  in  the  copper  at  the  end  of 
the  machine. 

K,  as  Mr.  Lamme  claims,  the  teeth  are  hotter  than  the  copper, 
then  the  teeth  of  this  machine  must  be  at  a  temperature  greater 
than  136  deg.  cent.  Such  could  only  be  the  case  if  the  machine 
were  insufficiently  ventilated,  and  the  excessive  iron  temperature 
would  show  up  on  test,  and  the  machine  would  be  rejected. 

The  turbo  chosen  in  this  example  is  quite  typical,  and  the 
results  obtained  from  these  calculations  are  so  extreme  that  one 
may  infer  that  any  other  ttu'bo  treated  in  a  similar  manner  will 
also  show  a  temperature  unreasonably  high. 

It  would  therefore  appear  hardly  possible  that  the  teeth  of  a 
turbo-generator  can  run  hotter  than  the  copper  in  the  center  of 
the  machine,  and  the  machine  still  be  at  all  acceptable,  although 
it  is  of  course  possible  that  those  portions  of  the  winding  near  the 
ends  of  the  core  may  be  cooler  than  the  teeth.  With  sufficient 
ventilation  to  limit  the  tooth  temperature  to  40  or  50  deg.  cent. 
rise  by  thermometer,  the  extremely  high  copper  temperatures, 
which  have  been  calctdated  above,  are  prevented  by  the  flow  oi 
beat  from  the  copper  through  the  msulation  into  the  iron,  so 
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that  although  the  hottest  point  a  may  still  be  over  40  deg.  cent, 
above  the  air,  it  will,  however,  be  at  a  safe  temperature  that  will 
not  injure  the  insulation. 

The  above  discussion  has  a  very  important  bearing  on  the  ques- 
tion of  insulation,  for  if  most  of  the  heat  from  the  windings  is 
conducted  to  the  coil  ends,  and  there  carried  away  by  the  air, 
the  designer  is  justified  in  resorting  to  very  thick  slot  insulation; 
but  if  the  cooling  of  the  winding  is  largely  dependent  upon  the 
ability  of  the  heat  to  pass  through  the  slot  insulation  into  the  iron, 
as  seems  to  be  the  case,  then  an  increase  in  slot  insulation  involves 
higher  temperatures  in  the  stator  copper,  which  may  induce  the 
designer  to  reduce  the  factor  of  safety  of  his  insulation,  with 
invariably  disastrous  results.  These  conditions  are  especially 
true  in  connection  with  machines  of  high  voltage,  and  form  one  of 
the  limitations  to  the  continued  increase  in  size  and  voltage  of 
turbo-generators. 

These  diiSiculties  naturally  lead  to  the  discussion  of  the  advan- 
tages of  mica  insulation.  Mica,  on  account  of  its  ability  to  resist 
heat,  is  largely  employed  in  turbo-generators,  but  as  a  conductor 
of  heat  it  is  only  from  50  per  cent  to  70  per  cent  as  good  as 
varnished  cambric,  depending  upon  the  way  in  which  the  mica 
is  built  up.  Due  to  this  fact,  and  also  to  the  fact  that  mica  is 
very  expensive,  the  designer  may  be  tempted  to  use  a  thin  mica 
insulation,  and  feel  that  he  is  justified  in  so  doing  by  the  high 
dielectric  strength  of  mica.  Such  a  practise  only  invites  the  in- 
sulation diiSiculty  to  which  Mr.  Lamme  refers,  static  discharges 
between  the  coils  and  the  iron. 

It  is  extremely  diflScult  to  apply  mica  insulation  in  such  a  way 
as  to  exclude  air  pockets.  The  pressure  gradient  at  which  air 
breaks  down  is  quite  variable,  depending  upon  whether  a  large 
or  small  quantity  of  air  is  under  stress,  but  for  small  air  pockets 
in  the  insulation  and  dense  air  films  lying  in  contact  with  sur- 
faces, corona  will  form  at  a  pressure  gradient  somewhere  in  the 
neighborhood  of  200  volts  per  mil.  With  a  specific  inductive 
capacity  of  about  6  for  mica,  it  therefore  requires  an  insulation 
distance  between  copper  and  slot  sufficient  to  give  a  mean  pres- 
sure gradient,  in  roimd  numbers,  of  35  volts  per  mil^based  upon 

the  Y  voltage,  that  is,  the  line  voltage  divided  by  Vs. 

Any  attempt  to  decrease  the  instdation  beyond  this  point  will 
result  in  the  formation  of  static  in  the  enclosed  air  pockets,  as 
well  as  at  the  points  where  the  coils  emerge  from  the  slots,  both 
inside  the  ducts  and  at  the  ends  of  the  machine.  In  machines 
which  have  not  been  properly  insulated  the  presence  of  static 
can  sometimes  be  detected,  when  running  on  full  voltage,  by  a 
distinct  odor  of  ozone  near  the  terminals  where  the  voltage  to 
ground  is  highest.  This  of  course  only  applies  to  engine 
type  machines  or  waterwheel  machines  whose  speed  is  low 
enough  to  prevent  the  windage  from  blowing  away  the  ozone  as 
fast  as  it  is  formed,  and  thus  making  it  impossible  to  detect  its 
presence. 
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Jens  Bache-Wiig  (by  letter) :  .  Mr.  Lamme's  paper  shows,  I 
think,  that  a  large  high-speed  turbo-alternator  can  now  be  binlt 
sufficiently  safe  electrically  to  put  it  on  a  par  with,  say,  a  low- 
speed  altemating-cturent  generator  with  mica-insulated  ar  mattu*e 
coils  and  asbestos-insulated  field  coils.  As  stated  in  the  paper, 
this  is  due  principally  to  the  improved  method  of  ventilation,  to 
the  insulating  material  adopted  and  to  the  electrical  design  as  a 
whole,  especially  as  regards  short-circuits. 

Concluding,  Mr.  Lamme  asks  if  the  temperatture  problem 
inherent  with  these  machines  may  be  considered  due  to  the  design 
being  too  much  forced. 

It  seems  to  me  that  this  problem  is  solved  very  satisfactorily 
by  the  adoption  of  mica  insulation.  I  would  like  to  add  as  my 
opinion  that  the  development  of  low-speed  electrical  machinery 
will  not  be  completed  until  the  same  kind  of  insulating  material 
has  been  adopted  for  these  machines  as  well. 

In  one  point,  however,  I  do  think  the  construction  is  stretched 
too  far,  and  that  is  with  regard  to  the  mechanical  design. 

As  an  example  is  given  a  6000-kv-a.  two-pole  3600-rev.  per 
min.  60-cycle  generator  with  a  rotor  diameter  of  66  cm.  This 
gives  a  peripheral  speed  of  124.3  m.  per  sec.  It  is  stated  that  the 
core  is  designed  for  a  very  considerable  margin  of  safety,  and  is 
actually  tested  at  overspeeds  which  give  about  152.3  m.  per  sec. 
peripheral  speed.  This  means  that  the  rotating  part  has  been 
tested  at  about  22.5  per  cent  overspeed. 

Compared  with  general  practise  in  turbo-alternator  design- 
this  may  be  called  **  a  very  considerable  margin  of  safety,"  but 
why  is  it  that  such  machines  are  designed  so  very  close  to  the 
bursting  point,  as  compared  with  other  electrical  machinery? 
The  answer  that  it  can  not  be  done  any  other  way  does  not  seem 
satisfactory. 

Take  for  instance  a  waterwheel-driven  alternating-current 
generator.  The  design  of  such  a  machine  is  not  considered  safe, 
unless  it  will  withstand  successfully  the  runaway  speed  of  the 
turbine.  Now,  if  this  is  of  such  importance  with  regard  to  one 
type  of  tiurbine-driven  alternators,  why  does  it  not  hold  true  for 
the  other  type? 

If  anything,  the  case  seems  to  be  slightly  worse  for  the  steam- 
driven  turbine  than  for  the  water-driven  turbine,  as  the  inertia 
of  the  rotating  element  is  usually  smaller  for  the  former  and  it 
will  therefore  more  qviickly  attain  a  high  speed. 

The  reliability  of  the  regulating  devices  cannot  be  any  greater 
for  the  steam  turbine  than  for  the  water  turbine. 

Furthermore,  a  waterwheel-driven  generator  is  often  specified 
to  withstand  this  runaway  speed  of  the  turbine,  starting  with 
maximum  excitation,  at  no  load. 

As  compared  with  this,  many  a  steam  turbine-driven  generator 
has  been  designed  which  at  normal  speed  and  no  load  would  not 
safely  withstand  the  voltage  obtained  at  maximum  excitation. 

It  seems  to  me  that  there  ought  not  to  be  any  such  great  dis- 
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crepancy  between  the  designs  of  two  such  closely  related  types 
of  machines.  Either  the  steam  ttirbine-driven  generator  is  not 
designed  with  enough  margin  of  safety,  or  the  design  of  the  water- 
turbine-generator  is  being  imnecessarily  handicapped.  Experi- 
ence has  shown  that  the  latter  is  not  the  case.  What  about  the 
safety  of  the  other? 

F.  H.  Clough  (by  letter) :  Mr.  Lamme  has  given  a  very  able 
and  comprehensive  review  of  the  design  of  large  turbo-generators, 
and  I  should  like  to  add  my  appreciation  of  the  way  in  which  he 
has  discussed  the  difficulties  that  have  been  encoiuitered,  and 
described  the  methods  that  have  been  adopted  to  overcome  these 
difficulties.  In  most  points  I  can  thoroughly  endorse  his  con- 
clusions. 

In  discussing  the  paper  I  should  like  to  suggest  that  the  author 
has  not  given  sufficient  prominence  to  the  possibility  of  nmning 
generators  above  the  critical  speeds  of  their  shafts,  as  in  the  first 
portion  of  his  paper  several  forms  of  rotor  construction  are  dis- 
cussed and  all  these  lead  up  to  the  solid  forged  rotor  with  slots 
cut  out  in  the  periphery. 

The  company  with  which  I  am  associated  has  for  some  years 
past  been  building  high-speed  machinery  (mostly  for  3000  rev- 
olutions) in  which  the  critical  speed  is  about  half  the  running 
speed,  and  this  practise  has  proved  itself  to  be  entirely  satis- 
factory. 

It  was  necessary  in  the  first  case  to  design  a  bearing  which 
would  give  a  slight  amount  of  freedom  at  one  end  of  the  shaft  to 
avoid  danger  when  passing  through  the  critical  speed,  and,  with 
this  precaution,  no  trouble  has  been  experienced,  and  I  am  in- 
clined to  think  that  the  running  of  a  machine  with  a  low  critical 
speed  is  better  than  a  stiff  shaft  machine,  provided  the  same 
amount  of  care  be  taken  in  balancing  in  both  cases.  When 
machines  are  designed  for  the  highest  possible  outputs  and  speeds, 
the  critical  speed  of  even  a  solid  rotor  tends  to  become  luicom- 
fortably  close  to  the  normal  running  speed — and  in  some  extreme 
cases  may  be  even  below  it. 

It  has  been  suggested  that  the  shock  caused  by  an  accidental 
short-circuit  might  cause  trouble  to  a  machine  with  a  low 
critical  speed,  but  no  such  effect  has  been  noticed  in  practise. 

The  use  of  a  small  diameter  shaft  with  a  low  critical  speed  makes 
a  much  more  consistent  design  of  the  rotor,  as  on  account  of  the 
comparatively  small  torsional  forces  and  the  high  rubbing  speeds 
of  the  bearings  the  diameter  of  the  shaft  is  usually  smaU  in  the 
journals.  Further  than  this,  the  use  of  a  small  shaft  gives 
opportunities  for  ventilation  of  the  rotor  which  cannot  be  obtained 
with  a  solid  forging,  and  also  allows  a  sviitable  depth  of  rotor 
ptinching  to  withstand  the  centrifugal  forces  which  occur. 

B.  G.  Lamme :  There  seems  to  be  an  impression  among  some 
of  those  who  have  discussed  the  paper  that  I  am  advocating 
new  and  higher  temperature  limits  than  we  have  at  present.  I 
had  no  intention  of  giving  such  an  impression,  but  simply  meant 


1W81  DISCUSSION  AT  NEW  YORK  76 

to  bring  out  that  we  have,  in  some  cases,  temperatures  of  126^ 
deg.  cent,  at  present  and  that  we  must  therefore  consider  such 
temperature  limits  from  the  commercial  standpoint.  We  have 
had  relatively  high  temperattu'es  in  practise  for  a  good  deal 
longer  than  many  people  think.  Niunerous  machines  which 
have  been  running  for  years  attain  temperatures  of  100  deg. 
cent,  or  over  at  the  hottest  parts,  although  insulated  with  fibrous 
materials,  and  in  many  cases  these  machmes  have  had  a  compara- 
tively long  life.  However,  where  the  actual  temperatures  have 
been  materially  higher  than  100  deg.  cent,  we  have  had  to 
protect  them  by  the  use  of  the  mica  class  of  insulating  materials. 

There  has  been  great  mistmderstanding  regarding  the  actual 
highest  temperattu'e  obtained  in  commercial  machines.  When 
we  say  that  90  deg.  is  the  limiting  temperature  for  fibrous  insula- 
tion, we  should  really  say  that  it  is  the  limiting  temperature,  by 
certain  specified  methods  of  measttrement.  In  addition  to  this 
measured  temperature,  we  must  consider  the  internal  drop  which 
brings  the  actual  temperature  of  the  hottest  part  to  100  deg.  or 
even  higher. 

I  have  had  very  considerable  experience  with  mica  insulations, 
both  in  high-voltage  armatures  and  in  field  coils,  in  generators 
and  in  other  kinds  of  apparatus;  and,  based  on  my  experience, 
I  am  willing  to  state  that  mica  insulation,  well  put  on,  is  as  safe 
at  125  deg.  cent,  as  ordinary  fibrous  insulations  at  90  deg.  cent., 
on  the  basis  of  the  same  methods  of  measurements  that  we  ordi- 
narily use,  such  as  thermometer,  resistance,  and  exploring  coil 
or  thermocouple  methods. 

Turbo-generator  fields  furnish  one  fairly  accurate  means  for 
determining  permissible  limiting  temperatures.  In  the  parallel 
type  of  slot  rotor  described  in  the  paper,  the  field  windings  are 
completely  embedded  in  iron  and,  in  some  cases,  all  parts  of  the 
winding  have  about  equal  temperature  rise.  In  such  cases, 
therefore,  the  resistance  measurement  of  the  field  gives  a  fairly 
reliable  measttre  of  the  true  temperature  obtained.  In  such 
fields  I  have  seen  fibrous  insulations  worked  at  125  deg.  cent 
for  several '  months  before  being  mechanically  ruined.  This 
gives  an  idea  of  what  some  fibrous  insulations  will  stand.  In 
other  cases,  a  temperature  of  100  deg.  cent,  or  slightly  higher 
has  been  found  in  machines  which  have  stood  up  for  many  years. 
In  the  case  just  mentioned,  where  125  deg.  with  fibrous  insulation 
was  attained,  the  field  was  eventually  rewound,  with  mica  in 
the  slots  and  asbestos  between  turns,  and  has  stood  up  without 
injury,  as  far  as  has  been  determined,  up  to  the  present  time.  In 
fact,  it  has  run  considerably  above  the  125  deg.  cent,  temperature 
at  times,  as  the  load  conditions  were  increased  after  the  field  was 
rewound.  A  niunber  of  cases  are  known  where,  with  mica 
insulation,  150  deg.  cent,  has  been  attained  for  long  periods  with- 
out any  apparent  injury. 

Available  data  thus  indicate  that,  where  reasonably  accurate 
measurements  of  the /uf//es/ part  of  the  windmg  have  been  made 
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we  have  actually  encountered  much  higher  temperattures  than 
usually  supposed.  Our  general  ideas  of  80  to  90  deg.  cent,  limits 
are  therefore  based  upon  relatively  crude  methods  of  measure- 
ment. It  has  long  been  known  by  designers  that,  in  designing 
certain  windings,  we  must  actually  insulate  for  considerably 
higher  temperatures  than  the  ordinary  methods  of  measurement 
will  indicate. 

Referring  briefly  to  some  of  the  features  brought  out  in  the 
discussion,  Mr.  Torchio  mentioned  the  use  of  a  metallic  sheath 
over  the  armature  winding.  I  will  say  that  this  has  been  con- 
sidered at  various  times,  but  one  difficulty  lies  in  the  fact  that 
e.m.fs.  will  be  generated  in  this  sheath,  necessitating  that  it  be 
carefully  insulated.  Moreover,  in  general,  it  is  necessary  to 
laminate  the  conductors  in  the  coil  to  eliminate  eddy  currents. 
A  continuous  sheath  would  be  subject  to  such  eddy  currents,  and, 
as  this  sheath  would  be  considerably  wider  than  the  conductors 
in  the  coil,  in  many  cases  it  would  be  subject  to  excessive  losses 
due  to  such  eddies. 

In  reference  to  the  short-circuit  tests  referred  to  by  Mr.  Tor- 
chio, I  do  not  think  that  all  the  difference  shown  is  accounted 
for  by  the  difference  between  the  parallel  and  radial  slot  rotors. 
The  arrangement  of  the  end  windings  in  the  machines  was  quite 
different  in  the  two  cases.  The  number  of  conductors  per  slot 
in  one  case  was  only  two-thirds  that  of  the  other,  while  the 
number  of  conductors  in  series  was  also  considerably  smaller. 
All  these  differences,  combined,  should  account  for  a  considerable 
difference  between  the  two  machines,  but  not  nearly  as  much 
as  Mr.  Torchio  has  shown.  However,  I  am  not  prepared  to 
account  for  all  the  difference,  as  I  do  not  know  all  of  the 
conditions. 

Mr.  Fechheimcr  evidently  did  not  understand  my  remarks 
in  regard  to  making  the  regulation  poorer  by  doubling  the  rating. 
I  do  not  believe  that  I  really  implied  that  we  could  double  the 
rating  on  a  given  machine.  I  simply  assumed  a  double  rating 
to  indicate,  in  a  general  way,  how  the  regulation  and  the  short- 
circuit  current  would  be  affected.  This  was  simply  an  illustra- 
tion, not  a  statement  of  general  practise. 

Mr.  Fechheimer  raised  the  question  as  to  how  I  measured  an 
air  velocity  of  10,000  ft.  (3048  m.)  per  minute  in  some  parts  of 
the  air  paths  of  turbo-generators.  I  will  say  that  this  was  not 
measured  directly,  but  was  determined  by  measurement  of  the 
total  quantity  of  air  per  minute  fed  into  the  machine,  and  the 
cross-section  of  the  smallest  openings  through  which  this  air  had 
to  flow.  This,  in  some  instances,  indicated  an  air  velocity  in 
certain  restricted  parts  of  the  path  which  exceeded  10,000 
ft.  per  minute. 

Mr.  Junkcrsfeld  suggests  that  85  deg.  should  be  the  limit  for 

£brous  insulations.     This  temperature  is  probably  based  upon 

Jus  experience  with  measurements  at  the  hottest  part    which 

could  be  found,  by  exploring  coil  or  otYverwVsfe^  ou  \)ftfc  c^m\^^<& 
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of  the  insulation  of  high-voltage  coils.  If  this  is  the  case,  I 
agree  with  him  in  general,  except  that  possibly  his  figure  is  too 
high  for  very  high  voltage  machines,  in  which  there  is  possibly 
an  internal  drop  of  20  deg.  cent,  from  the  outside  surface  of  the 
insulation  to  the  hottest  part  inside.  This  would  bring  the 
temperature  up  to  105  deg.  cent,  on  my  assumptions,  which 
would  be  right  on  the  ragged  edge. 

Mr.  McCormick  criticises  my  statement  that  the  stator  teeth 
can  be  hotter  than  the  copper.  In  the  general  discussion  of  flow 
of  heat  and  temperature  rise  in  my  paper,  I  was  dealing  largely 
with  the  general  problem.  What  I  wished  to  bring  out  was  that, 
in  the  turbo-generator,  the  temperature  was  likely  to  be  much 
higher  at  the  center  of  the  machine  than  in  ordinary  machines. 
In  some  cases,  with  ordinary  machines,  it  was  foimd  that,  even 
at  full  load,  the  temperature  of  the  armature  teeth  was  higher 
than  that  of  the  inside  copper.  However,  this  has  rarely  been 
found  true  in  tiurbo-generators,  although  a  few  instances  of  this 
sort  have  been  noted.  In  the  example  cited  by  Mr.  McCormick, 
where  the  temperature  of  104  deg.  would  be  attained  in  the  copper 
at  the  hottest  part,  he  then  adds  a  Very  considerable  amoimt, 
in  addition,  for  rise  due  to  eddy  currents.  However,  if  the 
winding  were  so  completely  laminated,  or  so  arranged  that  eddy 
currents  were  practically  absent,  then  the  result  indicated  in 
his  example  could  be  a  possible  one,  although  mica  insulation 
would  be  required.  Such  cases,  however,  are  unusual,  and 
were  brought  into  my  paper  simply  as  one  extreme  condition. 
I  did  not  intend  to  give  the  impression  that  tooth  tem- 
peratures higher  than  copper  temperatures  were  common  at 
heavy  loads. 

Mr.  McCormick  states  that  mica  is  a  much  poorer  conductor 
of  heat  than  varnished  cambric.  I  will  take  some  exception  to 
this  point.  I  will  admit  that  mica  insulation,  as  usually  built 
up,  is  liable  to  be  poorer  than  varnished  cambric  and  such 
materials,  as  the  mica  laminae  may  not  be  in  contact  with  each 
other.  But  when  mica  insulation  is  built  up  by  some  of  the 
new  processes,  as  referred  to  in  my  paper,  where  it  is  made 
almost  bone  hard,  it  is  practically  as  good  a  heat  conductor  as 
varnished  cambric,  or  other  material^. 

Mr.  Bache-Wiig  brings  out  the  question  that  the  overspeeds 
allowed  in  turbo-generators  are  very  small  compared  with  those 
in  waterwheel  practise,  and  thinks  that  we  have  not  placed 
the  limit  high  enough. 

In  answer  to  this,  I  will  say  that  in  the  waterwhcel-driven  gen- 
erator, the  overspeed  is  placed  at  the  runaway  speed  which 
cotdd  be  attained  by  the  waterwheel  if  the  load  were  thrown 
off  suddenly.  In  the  case  of  the  turbo-generator  units,  the 
overspeed  attainable  by  the  engine,  in  many  cases,  is  so  high 
that  it  is  impracticable  to  build  either  a  turbine  or  a  generator 
which  can  stand  such  speed.  This  being  the  case,  and  as  auto- 
matic cat-o/Ts  therefore  must  he  relied  upon,  it  then  becomes  a 
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question  as  to  what  overspeed  should  be  allowed  before  the  cut- 
off can  act  positively.  It  is  generally  conceded  by  turbo  manu- 
facturers that  the  automatic  cut-off  must  work  under  15  per 
cent  overspeed,  and  on  this  basis,  22^  per  cent  overspeed,  as 
referred  to  by  Mr.  Bache-Wiig,  is  ample  margin.  In  general,  if 
it  will  not  work  at  this  speed,  it  will  not  work  at  all. 
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TEMPERATURE  AND  ELECTRICAL  INSULATION 


BY  C.    P.    STEINMETZ   AND   B.    G.    LAMME 


The  problem  of  permissible  temperature  limits  in  electric 
apparatus  is  largely  that  of  the  durability  of  the  insulation 
used.  As  this  may  consist  of  materials  of  widely  varying  heat- 
resisting  qualities,  the  problem  resolves  itself  into  one  of  con- 
sideration of  the  properties  of  the  materials  themselves. 

The  durability  of  insulation  may  be  considered  from  two  stand- 
points, the  mechanical  and  the  electrical.  Tests  and  experience 
have  shown  that  temperatures  which  may  ruin  the  insulation, 
from  a  mechanical  standpoint,  may  not  radically  affect  its  di- 
electric strength.  This  is  particularly  true  with  moderate  volt- 
ages, where  the  insulation  serves  largely  as  a  separating  medium. 
The  purpose  of  the  insulation  usually  is  two-fold:  First,  it 
must  serve  to  separate,  mechanically,  the  electric  conductors 
from  each  other,  and  from  other  conducting  structures,  and 
second,  it  must  withstand  the  voltage  between  the  electric  con- 
ductors, and  between  the  electric  circuits  and  other  con- 
ducting parts.  In  lower  voltage  apparatus,  usually  only  the 
former  function  applies,  as  the  mechanical  separation  is  more 
than  sufficient  to  withstand  the  voltage  used.  The  dielectric 
strength  of  the  material  is,  however,  of  first  importance  in  high- 
voltage  apparatus. 

A  great  majority  of  the  electrical  **  breakdowns  "  on  low- 
voltage  apparatus  is  due  to  mechanical  weaknesses,  as  far  as  the 
temperature  problem  is  concerned;  that  is,  high  temperatures 
may  make  the  insulation  brittle,  or  crisp,  so  that  it  may  flake  off, 
or  powder,  or  crack,  or  be  crushed  by  mechanical  action,  thus 
allowing  the  conductors  to  make  contact  with  each  other  or  with 
^jacent  conducting  material. 

79 


so  STEIN  METZ  AND  LAM  ME:  [Feb.  26 

The  •'  life  of  insulation  "  is  an  indefinite  term  and  must  be  de- 
tinoii  in  time,  mechanical  strength,  absence  of  foreign  materials 
of  a  conducting  nature,  etc.  Almost  all  insulating  materials 
will  bo  somewhat  aflected  in  time,  and  many  of  them  tend  to  be- 
c\Mno  dry  and  brittle.  The  rate  at  which  deterioration  occurs 
with  any  given  material,  is  some  complex  function  of  the  tem- 
|H*niture  and  of  other  conditions. 

Classes  of  Insulations 

Insulations  may  be  classified  under  three  headings,  depend- 
ing upon  their  heat-resisting  properties.  However,  all  such 
classifications  must  be  relative,  for  no  absolute  limit  can  be  fixed, 
as  there  is  no  definite  point  at  which  injury  or  destruction  can  be 
said  to  take  place. 

The  usual  insulating  materials  can  be  considered  as  included 
in  three  general  classes: 

Class  A.  This  includes  most  of  the  fibrous  materials,  as 
paper,  cotton,  etc.,  most  of  the  natural  oil  resins  and  gums,  etc. 
As  a  rule,  such  materials  become  dry  and  brittle,  or  lose  their 
fibrous  strength,  under  long  continued  moderately  high  tempera- 
ture, or  under  very  high  temperature  for  a  short  time. 

Class  B.  This  includes  what  may  be  designated  as  heat-re- 
sisting materials,  which  consist  of  mica,  asbestos,  or  equivalent 
refractory  materials,  frequently  used  in  combination  with  other 
supporting  or  binding  materials,  the  deterioration  of  which,  by 
heat,  will  not  interfere  with  the  insulating  properties  of  the  final 
product.  However,  where  such  supporting  or  binding  materials 
are  in  such  quantity,  or  of  such  nature,  that  their  deterioration 
by  heat  will  greatly  impair  the  final  product,  the  material  should 
be  considered  as  belonging  to  class  A. 

Class  C.  This  is  represented  by  fireproof,  or  heat-proof 
materials,  such  as  mica,  so  assembled  that  very  high  tempera- 
tures do  not  produce  rapid  deterioration.  Such  materials  are 
used  in  rheostats  and  in  the  heating  elements  of  heating 
appliances,  etc. 

All  the  above  are  relative  terms.  The  first  class,  for  instance, 
represents  materials  which  are  really  more  or  less  heat-resist- 
ing, but  which  deteriorate  at  lower  temperatures  than  those  in 
the  second  class,  which  are  defined  as  heat-resisting.  Also,  the 
fireproof  materials  of  the  third  class  are  not  strictly  heat-proof 
or  fireproof,  but  will  simply  withstand  very  high  temperatures 
for  relatively  long  periods  without  undue  deterioration. 
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In  class  A,  the  materials  appear  to  have  a  very  long  life  (or  an 
almost  indefinitely  long  life,  aside  from  mechanical  conditions) 
if  subjected  to  ultimate  temperatures  which  never  exceed  90 
deg,  cent.  Also,  they  appear  to  have  a  comparatively  long  life 
even  at  ultimate  temperatures  as  high  as  100  deg.  cent.  At 
materially  higher  temperatures  than  100  deg.  cent,,  the  life  is 
very  greatly  shortened,  and  temperatures  of  125  deg.  cent,  will 
apparently  ruin  the  insulation,  from  a  mechanical  standpoint,  in 
possibly  a  few  weeks,  if  such  temperature  is  maintained  steadily. 
However,  for  low  voltages,  the  insulating  qualities  may  still  be 
very  satisfactory,  even  at  this  temperature,  and  therefore  the  de- 
struction of  the  insulation  is  purely  one  of  injury  or  breakdown 
from  the  mechanical  standpoint,  as  stated  before.     Tempera- 
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tures  as  high  as  160  deg.  cent,  on  such  insulations  for  a  con- 
siderable period  may  not  entirely  destroy  their  insulating  qual- 
ities, although,  mechanically,  such  temperatures  appear  to  be 
impracticable,  except  for  very  short  periods. 

In  order  to  illustrate  the  relation  between  the  possible  life 
and  temperature  of  class  A  insulation.  Pig.  1  is  shown.  This 
must  not  be  taken  as  representing  actual  results,  but  is  simply  in- 
tended to  illustrate,  in  a  msrcly  approximate  manner,  the  very 
great  shortening  of  the  life  of  insulation  by  increase  in  tem- 
perature. 

It  may  be  assumed  that  at  very  high  temperatures,  the  insu- 
lation will  have  practically  the  same  life,  in  actual  hours  of  high 
temperature  operation,  whether  the  temperature  is  applied  con- 
tinuously or  intermittently.  For  example,  it  an  insulation  has 
10,000  boum  Jife  with  a  certain  high  temperature  continuousVy 
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applied,  it  is  assumed  that  it  will  also  stand  the  same  tempera- 
ture for  10,000  hours  in  short  periods,  provided  the  intermediate 
temperatures  are  low  enough  to  represent  an  indefinitely  long 
life.  It  is  probable  that  under  the  intermittent  condition,  the 
life  will  really  be  slightly  greater,  due  to  the  fact  that  depre- 
ciation will  be  largely  mechanical,  and  the  insulation  may  "  re- 
cover," in  some  of  its  mechanical  characteristics,  after  each  period 
of  high  heating. 

If,  therefore,  high  temperatures  are  reached  intermittently, 
with  intermediate  periods  of  lower  value  but  still  high  enough 
to  shorten  the  life  of  the  insulation,  it  may  be  assumed  that  the 
total  life  of  the  insulation  is  the  resultant  of  the  life  under  the 
two  temperature  conditions. 
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Fig.  2 


In  heat-resisting  materials,  such  as  those  of  class  B,  tempera- 
tures of  125  deg.cent.  are  comparable  with  85  deg,  cent,  or  90 
deg.cent.inclassA,and  150deg.  cent,  in  the formeris comparable 
with  lOOdeg.  cent,  in  the  latter.  Fig. 2  illustrates  merely  approxi- 
mately the  life-temperature  curve  of  such  insulations.  As  in 
Fig.  1,  this  should  not  be  taken  as  an  exact  representation  of  the 
actual  life.  Due  to  the  greater  heat-resisting  qualities  of  such 
materials,  it  appears  that  relatively  higher  temperatures  are  not 
as  quickly  harmful  as  in  the  first  class. 

In  class  C  materials,  it  is  difficult  to  give  any  reasonable  indi- 
cation as  to  the  limits  of  temperatiu^,  except  that  very  high 
temperatures  (practically  up  to  the  point  of  incandescence)  are 
found  in  some  heating  appliances. 
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TEMPERATUItES   AND   FlOW   OF   HeAT 

As  the  insulation,  in  itself,  is  not  usually  the  seat  of  generation 
of  loss  or  heat,  it  is  the  temperature  of  adjacent  materials  which 
must  be  considered  in  defining  the  conditions  in  the  insulation. 
The  temperatures  of  the  adjacent  materials  should  therefore  be 
considered  only  in  so  far  as  they  affect  the  insulation  itself,  and 
where  such  temperatures  do  not  affect  the  insulation,  or  the  life 
of  the  apparatus,  or  its  normal  perfomance,  they  are  immaterial. 

Considering  the  influence  of  the  temperatures  of  the  adjacent 
media,  the  direction  and  amount  of  heat  flow  must  be  taken  into 
account,  as  the  maximum  temperature  in  the  insulation  is  de- 
pendent upon  these.  In  the  case  of  armature  windings,  for 
instance,  the  heat  flow  may  be  from  the  buried  portion  of  the 


i 


'/'//// 
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coils  toward  the  end  windings.  It  also  may  be  from  the  buried 
copper  through  the  insulation  to  the  armature  teeth,  or  there  may 
be  a  reverse  heat  flow  from  the  iron  to  the  copper,  depending 
upon  the  various  factors  of  construction,  heat  conductivity  of 
^  materials,  amotmt  of  heat  generated  in  the  various  parts, 
ventilation,  heat  dissipation,  etc. 

Depending  upon  conditions  of  heat  flow  and  distribution, 
various  methods  of  temperature  determination  may  be  used. 
No  method  is  accurate,  unless  all  the  conditions  of  heat  flow  are 
accurately  known,  which  is  never  the  case  in  commercial  ma- 
rlines. 

The  difficulties  in  the  problem  of  commercial  temperature 
^etennination  are  illustrated  by  Fig.  3. 
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In  the  figure,  a  represents  the  temperature  inside  an  armature 
coil,  b  the  temperature  between  the  insulation  and  the  iron  of  an 
armature  tooth,  c  that  in  the  body  of  the  tooth,  and  d  that  in  the 
body  of  the  core  at  some  point  back  of  the  coils  and  teeth.  Let 
the  temperatures  at  no  load  be  represented  on  the  ordinate  A, 
Then,  at  some  load,  represented  by  ordinate  5,  the  relations 
of  the  various  temperatures  have  changed.  At  C,  D  and  £, 
there  are  still  greater  changes,  depending  upon  the  heat  genera- 
tion and  distribution.  If  the  rated  capacity  of  the  machine  is 
at  £,  for  instance,  then  the  armature  copper  is  hotter  than  the 
iron,  while  if  rated  at  B,  the  reverse  would  be  true.  Obviously, 
no  rule  can  be  formulated  to  cover  these  various  conditions  in 
different  machines,  nor  even  in  a  given  machine,  unless  all  the 
heat  generation,  distribution,  and  dissipation  characteristics  are 
known.  Obviously,  as  far  as  the  insulation  is  concerned,  the 
temperatures  of  a  and  b  are  the  only  ones  which  need  be  consid- 
ered. 

All  temperature  determinations  of  a  commercial  nature  are 
necessarily  approximations,  or  relative  indications,  upon  which 
proper  margins  must  be  allowed  for  the  ultimate  temperature 
possibly  attained.  Therefore,  in  apparatus  where  there  are 
liable  to  be  discrepancies  of  10  deg.  between  the  measurable  and 
the  actual  ultimate  temperatures,  a  limit  of  90  deg.  cent,  should 
be  allowed  by  conventional  temperature  measurement  on  insu- 
lations in  which  100  deg.  is  set  as  the  maximum  temperature  with 
a  reasonable  length  of  life. 

The  conventional  methods  of  temperature  measurement,  as 
by  resistance,  and  by  thermometer,  do  not  usually  give  the  maxi- 
mum temperature,  but  give  either  the  average,  or  the  outside  sur- 
face, values,  and,  when  measuring  the  temperature  by  these 
methods,  which  are  the  only  ones  generally  applicable,  an  allow- 
ance must  be  made  in  windings  for  possible  local  higher 
temperatures.  These  methods  apply  especially  to  those  ma- 
chines of  moderate  or  low  voltages  in  which  the  insulation  is 
relatively  thin,  so  that  the  heat  gradient  from  the  inside  copper 
to  the  outside  surface  is  small.  Also,  they  apply  particularly  to 
those  machines  in  which  the  conditions  of  ventilation  are  not  nor- 
mally difficult,  and  in  which  a  fairly  thorough  distribution  and 
dissipation  of  heat  occurs  among  the  various  parts,  such  as  in 
ordinary  direct-current  armatures,  induction  motor  primaries, 
stators  and  rotors  of  moderate  speed  alternators  in  which  the 
width  is  relatively  small  compared  with  the  diameter,  etc. 
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As  the  tiltimate  temperatures  obtained  by  the  apparatus  de- 
pend upon  its  rise  above  the  room  temperature,  or  that  of  the 
cooling  medium,  and  as  such  temperatiu*es  may  vary  over  a  wide 
range,  it  is  not  practicable  to  specify  or  guarantee  ultimate  tem- 
perature of  apparatus  without  also  specifying  the  elements  upon 
which  it  depends.  This,  therefore,  results  in  specif5ring  the 
temperature  rise  in  relation  to  that  of  the  cooling  medium. 

While  most  apparatus  operates  at  materially  lower  cooling 
temperatiu*e  than  35  deg.  cent,  to  40  deg.  cent.,  yet  such  tem- 
peratures are  sometimes  reached  for  considerable  periods  of  time 
in  steam  stations,  and  it  appears  therefore  as  justifiable  to  choose 
the  permissible  temperatiu*e  rise,  such  that,  at  room  temperatiu*e 
of  35  deg.  cent,  to  40  deg.  cent.,  an  ultimate  temperature  of  85 
deg.  cent,  to  90  deg.  cent,  by  conventional  methods  of  measm^e- 
ment  is  not  exceeded.  This  means,  therefore,  a  temperature 
rise  of  50  deg.  cent,  with  conventional  methods  of  testing,  such 
as  by  increase  of  resistance,  or  by  thermometer,  in  those  insula- 
tions which  can  stand  a  continuous  ultimate  temperature  of 
100  deg.  cent,  with  a  comparatively  long  life.  This  allows  an 
excess  of  10  deg.  cent,  to  15  deg.  cent,  for  local  spots,  or  for  the 
temperature  gradient  through  the  insulation.  A  less  allowance 
should  be  made  for  this  difference  when  methods  of  temperature 
meastu'ement  other  than  the  conventional  are  used,  and  which 
approach  more  closely  to  the  highest  temperature  actually  at- 
tained. 

When  the  above  temperattu-es  are  liable  to  be  materially 
exceeded  for  long  periods,  heat-resisting  insulation  of  class  B  is 
recommended.  With  such  materials,  a  temperature  of  125  deg. 
cent,  is  comparable  with  85  deg.  cent,  to  90  deg.  cent,  in  the 
n:iaterials  of  class  A.  Therefore,  on  this  basis  of  a  room  tem- 
perature at  40  deg.  cent,  or  45  deg.  cent.,  rises  of  85  deg.  cent  or 80 
deg.  cent,  should  not  be  considered  harmful.  However,  in 
those  special  cases  where  the  conventional  methods  may  not 
suflBciently  approximate  local  high  temperatures,  as  may  be 
the  case  in  large  turbo-generators,  or  in  wide  core  alterna- 
tors of  large  capacity,  the  rises  of  80  deg.  cent,  or  85  deg. 
cent,  should  not  be  specified  by  resistance  or  thermometer, 
but  preferably  some  lower  temperature  such  as  50  deg.  cent., 
thus  allowing  a  very  considerable  margin  for  local  higher  tem- 
perattu'es.  In  such  apparatus  with  the  higher  temperattues, 
which  require  class  B  insulation,  there  is  liable  to  be  less  uniform- 
ity of  heat  distribution. 


I 


86  STEINMETZ  AND  LAM  ME:  (Feb.  26 

If  special  methods  of  temperature  measurement,  such  as  ex- 
ploring coils  or  thermocouples,  are  used  in  such  apparatus,  the 
temperature  limit  of  125  deg.  cent,  should  be  considered,  and  not 
the  conventional  50  deg.  cent.  rise.  In  those  machines  of  this 
class  which  have  relatively  thick  insulation,  and  consequently 
may  have  a  high  heat  gradient  between  the  copper  and  the  iron 
(depending  upon  how  much  heat  is  flowing  from  the  copper  to 
the  iron),  an  ultimate  temperature  of  the  inside  insulation  of 
150  deg.  cent,  is  considered  as  the  limit,  this  being  comparable 
with  100  deg.  cent,  with  insulations  of  class  A. 

In  certain  classes  of  apparatus  which  are  artificially  cooled  by 
air  from  outside  the  room,  the  cooling  is  accomplished  partly  by 
dissipating  heat  to  the  artificial  air  supply,  and  partly  by  dissi- 
pation into  the  surrounding  room.  If  the  temperattu-es  of  the 
cooling  air  and  of  the  room  are  widely  different,  the  resultant  of 
the  two  temperatures  should  really  be  taken  as  that  of  the  cool- 
ing medium. 

The  variation  of  the  temperature  rise  has  heretofore  been 
considered  as  having  a  definite  relation  to  the  temperattire  of  the 
cooling  medium.  However,  it  appears  that  it  does  not.  follow 
any  definite  simple  law,  but  it  is  sometimes  positive  and  some- 
times negative,  so  that  no  satisfactory  correction  for  room  tem- 
perature is  possible  at  present.  It  is  therefore  desirable  to  make 
the  temperature  tests  at  a  room  temperature  as  near  as  pos- 
sible to  some  specified  reference  temperature,  so  as  to  make  any 
temperature  correction  negligible.  The  reference  temperature 
in  the  guarantees  should  therefore  be  such  as  can  easily  be  seciu^; 
that  is,  it  should  be  the  average  temperature  of  the  places  at 
which  the  apparatus  may  be  operated.  This  is  from  20  deg. 
cent,  to  25  deg.  cent.,  and  as  it  is  easier  to  raise  than  to  lower  the 
room  temperature,  the  upper  figure  is  advisable  as  a  reference 
value.  This  reference  temperature  therefore  should  be  chosen 
as  25  deg.  cent.,  which  is  in  accordance  with  the  previous  A.I.E.E. 
standard. 

Measurement  of  Temperature 

In  the  conventional  methods  of  temperature  measurement, 
by  thermometer,  and  by  resistance,  many  conditions  should  be 
taken  into  account,  and  good  judgment  is  required,  in  all  cases, 
or  fallacious  conclusions  may  be  obtained. 

There  are  many  conditions  which  affect  the  accuracy  of  both 
the  resistance  and  the  thermometer  methods  of  meastiring  tem- 
perature.    The  resistance  method  measures  otI^  ^^^  vi^t^'^ 
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temperattire  rise,  and  not  that  of  local  hot  spots.  However,  it 
measures  the  internal  temperature  of  windings,  and  therefore  no 
correction  is  required  for  the  temperatiu*e  gradient  through  the 
outside  insulation.  The  proposed  margin  between  the  result 
by  the  conventional  method,  and  the  actual  temperature,  can 
therefore  be  allowed,  in  the  resistance  measurement,  as  the  dif- 
ference between  the  warmer  and  the  average  temperatures  in 
the  windings.  In  the  resistance  method  of  measurement,  the 
rate  of  transfer  of  heat  from  one  part  of  the  winding  to  another 
will  not  greatly  affect  the  result,  as  the  meastirement  indicates 
an  average  temperature,  which  would  be  obtained  if  the  heat  were 
equali2sed  throughout  the  winding.  However,  the  rate  of  flow 
of  heat  from  the  windings  through  the  outer  insulation  to  other 
parts  will  affect  the  temperature  measurement  by  resistance,  and 
preferably  the  measurements  by  this  method  should  be  taken 
during  operation,  in  those  parts  where  this  is  practicable,  as  in 
field  coils,  and  some  other  instances.  In  those  parts  where  the 
resistance  cannot  be  measured  during  operation,  this  should  be 
done  as  quickly  as  possible  after  shut-down,  and  the  time  taken 
to  shut  down  the  apparatus  should  not  be  imduly  long.  Prefer- 
ably, during  shut-down  of  rotating  apparatus  the  normal  cturent 
should  be  maintained  on  the  apparatus  until  at  least  a  relatively 
low  speed  is  obtained.  This  would  represent  only  an  average 
condition,  as  the  ventilation  at  lower  speed  is  very  greatly  de- 
creased, while  the  losses  in  the  windings  will  remain  normal, 
thus  tending  to  give  an  increased  temperature  in  the  windings. 
It  would  be  difficult  to  fix  any  definite  rule  which  would  give  the 
exact  temperature  conditions  during  shut-down. 

In  the  measiu*ement  of  temperature  by  thermometer,  con- 
siderable judgment  is  required.  Wherever  possible,  the  tem- 
perature should  be  taken  during  operation,  but  the  thermometer 
with  its  pad  should  be  so  placed  that  it  does  not  interfere  with 
the  normal  air  circulation.  In  thermometer  readings,  as  usually 
obtained  on  windings,  the  heat  gradient  through  the  insulation 
mtast  usually  be  allowed  for,  this  being  10  deg.  to  15  deg.  as 
previously  defined.  However,  depending  upon  the  method  of 
taking  the  temperatiu*es,  this  allowance  should  vary  over  a  con- 
siderable range,  depending  upon  whether  or  not  the  method  of 
measurement  approximates  the  actual  internal  temperature. 
For  instance,  the  total  heat  gradient  from  the  inside  copper  to 
the  outside  air  will  be  that  through  the  coil  insulation,  plus  the 
thick  covering  pad  over  the  temperatiu-e  bulb.    If  the  gradient 
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through  the  covering  pad  is  very  large  compared  with  that 
through  the  insulation,  the  thermometer  may  indicate  almost 
exactly  the  internal  temperature  of  the  copper;  that  is,  the  heat 
gradient  through  the  insulation  to  the  thermometer  maybe  rela- 
tively small  compared  with  the  total  gradient  to  the  air.  This 
is  particularly  true  where  the  thermometer  rests  on  a  metallic 
seat  which  covers  a  considerable  portion  of  the  coil  surface.  In 
this  case,  the  heat  which  affects  the  thermometer  bulb  will  pass 
through  a  relatively  large  section  of  surface,  with  a  correspond- 
ingly small  drop  in  temperature,  so  that  the  bulb  more  closely 
approximates  the  temperature  of  the  inside  copper. 

Where  there  is  local  heating  in  the  windings,  and  a  consequent 
liability  of  rapid  transference  of  heat  to  other  parts,  the  results 
obtained  by  the  thermometer  method  will  vary  to  some  extent 
with  the  rapidity  with  which  the  actual  measurement  is  made; 
that  is,  the  more  quickly  the  thermometer  can  be  brought  up  to 
the  full  temperature,  the  more  accurately  the  temperature  of 
the  hottest  part  is  determined.  With  a  very  rapid  method  of 
measurement,  it  may  be  possible  to  measure  practically  the  in- 
ternal temperature  of  the  copper  of  the  winding  before  any  great 
heat  transference  or  dissipation  has  occurred.  In  such  cases, 
obviously,  the  full  allowance  for  the  usual  temperature  margin 
should  not  hold.  It  should  be  fully  understood  that  it  is  the 
ultimate  temperature,  and  not  the  temperature  rise,  which 
should  be  considered  as  the  limiting  condition,  and  that  the 
measured  rise,  plus  the  allowances  for  temperature  gradient, 
plus  the  measured  room  temperature,  is  simply  an  indication  of 
the  possible  ultimate  temperature.  By  whatever  method  the 
temperature  measurement  is  made,  in  all*  cases  the  results  may 
be  considered  as  more  or  less  approximate,  and  in  the  end,  it  is 
the  manufacturer  who  must  supply  the  necessary  margin  over 
the  approximate  measurement,  in  order  to  make  the  machine 
safe. 

A  blind  adherence  to  some  particular  rule  or  method  of  taking 
temperatures  may  lead  to  fallacious  results  in  some  instances. 
In  armature  windings,  in  particular,  incorrect  readings  may  be 
obtained  after  shut-down.  For  example,  if  the  armature  iron 
back  of  the  armature  teeth  were  hotter  than  the  armature  teeth 
and  coils  during  operation,  then  the  temperature  to  which  the 
insulation  is  subject  during  operation  may  be  considerably  lower 
than  that  in  the  hottest  part  of  the  machine,  due  to  the  ventila- 
tion conditions  when  running.     However,  upon  shut-down,  the 
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temperature  at  the  insulation  may  rise  to  that  of  the  hottest 
part  of  the  machine,  and  therefore  a  false  temperature,  by  any 
method  of  measurement,  might  be  indicated. 

Recommendations 

That  with  class  A  insulation,  90  deg.  cent,  be  taken  as  the 
ultimate  temperature  limit,  as  indicated  by  conventional  methods 
of  measurement,  or  those  which  give  similar  results,  and  that 
100  deg.  cent,  be  considered  as  the  maximum  ultimate  tempera- 
ture permissible  in  the  insulation,  where  a  comparatively  long 
life  is  a  requirement. 

That  40  deg.  cent,  be  taken  as  the  limiting  temperature  of  the 
cooling  medium,  or  room,  and  that,  therefore,  50  deg.  cent,  be 
the  permissible  rise  by  conventional  methods  of  measurement, 
with  class  A  insulation. 

That  25  deg.  cent,  be  taken  as  the  reference  air  temperature. 
With  the  permissible  50  deg.  cent,  rise,  this  gives  75  deg.  cent. 
as  the  average  operating  condition,  by  conventional  methods  of 
measurement,  or  85  deg.  cent,  actual  temperature,  when  the 
usual  margin  represented  by  the  temperature  gradient  is  added. 

An  exception  to  the  rise  of  50  deg.  cent,  can  be  made  in  those 
cases  where  space  or  weight  limitations  are  such  that  higher 
temperatures,  with  consequent  reduced  life,  are  commercially 
economical,  such  as  in  railway  motors.  In  such  cases,  with  class 
A  insulation,  a  rise  of  65  deg.  cent,  with  reference  air  at  25  deg 
cent,  is  at  present  accepted  as  good  practise. 

That  with  class  B  insulations,  125  deg.  cent,  be  taken  as  the 
ultimate  temperatiu'e  limit,  as  indicated  by  conventional  methods 
of  meastirement,  or  by  equivalent  methods,  and  150  deg.  cent,  be 
considered  as  the  maximum  ultimate  temperature  permissible 
in  the  insulation.  It  follows  therefore  that  80  deg.  cent,  to  85 
deg.  cent,  rise  is  allowable,  with  such  insulations,  by  the  usual 
methods  of  measiu'ement. 

No  temperature  correction  should  be  made  for  variation  of 
the  cooling  temperatiues  from  the  reference  temperature  of  25 
deg.  cent. 
When  the  method  of  temperature  measurement  shows    the 

highest  temperatiu'e  actually  obtained  in  the  insulation,  the  maxi- 
mum temperatures  specified  for  the  given  type  of  insulation 

should  hold. 
In  the  final  decision  on  questions  of  temperature  rise,  the  ulli- 

mte  temperature  should  be  the  basis,  rather  than  the  rise. 
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METHOD  OF  RATING  ELECTRICAL  APPARATUS 


BY  W.  L.   MERRILL,   W.   H.   POWELL  AND  CHARLES   ROBBINS 


An  investigation,  covering  the  past  three  years,  by  the  sub- 
committee on  the  subject  of  Rating  Electrical  Machinery,  has 
shown  conclusively  that  the  present  Standardization  Rules  of  the 
American  Institute  of  Electrical  Engineers  have,  in  many  re- 
spects, become  inconsistent  as  well  as  inadequate  to  meet  the 
present  service  conditions  which  electrical  apparatus  is  called 
upon  to  fulfill. 

A  comprehensive  study  of  the  subject  has  led  us  to  believe 
that  the  rules  representing  fundamental  methods  of  rating  could 
be  fomiulated.  Such  rules  should  not  only  meet  existing  con- 
ditions but  also  provide  such  flexibility  as  is  necessary  when 
limitations,  due  to  existing  materials,  are  changed  by  the  future 
progress  of  the  art. 

It  is  highly  desirable  that  the  rating  of  electrical  apparatus 
should  be  accurately  defined  and  placed  upon  such  a  basis  that 
it  can  be  adopted  internationally,  since  it  is  obvious  that  the 
service  requirements  in  other  countries  are  substantially  the 
same  as  those  in  the  United  States. 

This  subject  has  been  considered  at  great  length  by  the 
International  Electrotechnical  Commission  and  an  analysis  of 
the  work  done  by  it  leads  us  to  believe  that  an  international 
standard  of  rating  is  not  only  possible  but  essential.  This  is 
verydesirableinviewof  the  fact  that  the  influence  of  the  A.  I.  E.  E. 
IS  recognized  in  the  United  States,  Canada  and  Mexico. 

The  suggestions  herewith  submitted  are  based  upon  the 
accumulated  data  prepared  after  an  analysis  of  service  condi- 
^^,  and  represent  the  fundamental  limits  which  should  be 
^^dered  in  the  rating  of  electrical  apparatus,  and  it  is  believed 
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that  further  investigation  and  the  discussions  on  service  con- 
ditions will  substantiate  the  conclusions  herein  presented. 

Capacity  Rating 

//em  1.     All  electrical  apparatus  should  be  rated  by  output. 
Item  2.     Apparatus  which  delivers  electrical  power: 
Apparatus  of  this  class  should  be  rated  in  kv-a.,  or  in  kw.  where 
the  kv-a.  and  kw.  are  equal: 

a.  Therefore,  direct-current  generating  apparatus  should  be 
rated  in  kw. 

b.  Therefore,  alternating-current  generating  apparatus  should 
be  rated  in  kv-a.  at  a  definite  power  factor  which  must  always  be 
specified,  if  not  inherent  in  the  apparatus  (as  for  instance  is  the 
case  in  the  induction  generator.) 

Item  3.  Apparatus  which  transforms  from  electrical  power  to 
electrical  power: 

Apparatus  of  this  class  should  be  rated  in  kv-a.  or  kw.  in  exactly 
the  same  manner  as  in  item  2. 

Item  4.  Apparatus  transforming  from  electrical  to  both  electrical 
and  mechanical  power: 

Apparatus  of  this  class  should  be  rated  in  kv-a.  or  kw.,  which 
represents  the  resultant  of  mechanical  and  electrical  outputs,  the 
two  components  being  specified. 

Item  5.  Apparatus  which  transforms  electrical  to  mechanical 
power. 

Since  the  input  in  apparatus  of  this  class  is  measured  in  elec- 
trical units,  and  the  output  has  a  direct  relation  thereto,  it  is  logical 
and  desirable  to  measure  the  delivered  power  in  the  same  units. 
Therefore  the  output  of  motors  should  be  rated  in  kilowatts. 

On  account  of  the  predominant  practise  of  rating  mechanical 
power  in  h.p.  it  is  suggested  that  apparatus  of  this  class  for  the 
present  be  given  a  double  rating,  i.e., 

kw h.p 

Service  Ratings 

An  analysis  of  the  service  conditions  that  electrical  apparatus 
is  called  upon  to  meet,  leads  us  to  recommend  that  ratings  be 
divided  into  two  general  classifications,  based  upon  the  length  of 
time  of  service  the  apparatus  is  in  operation. 

These  two  general  classifications  will  again  divide  into  three 
sub-classifications  depending  upon  the  character  of  the  load  con- 
ditions. 
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Continuous  Rating.  (A)  In  which,  under  specified  conditions  of 
operation,  there  is  an  attainment  of  approximately  stationary 
temperatures,  and  no  other  limit  of  capacity  is  exceeded.  This 
may  be  subdivided  into  the  following  classes: 

(A  1)  Constant  service — where  the  load  is  continuously  applied. 

(A  2)  Continued  periodic  service — in  which  the  service  consists  of  alter- 
nate conditions  of  load  and  rest,  the  periods  of  which  must  be  specified. 

(A3)  Continued  pulsating  service — in  which  the  service  consists  of 
conditions  of  load  and  partial  load,  the  magnitude  and  duration  of  which 
must  be  specified. 

Short  Time  Rating.  (B)  In  which,  tmder  specified  conditions  of 
operation,  stationary  temperature  is  not  reached,  and  no  other 
limit  of  capacity  is  exceeded. 

(B  1)  Short  time  constant — where  the  load  is  continuously  applied  for 
a  specified  period. 

(B  2)  Short  time  periodic — in  which  the  service  consists  of  alternate 
conditions  of  load  and  rest,  the  periods  of  which  must  be  specified. 

(B  3)  Short  time  pulsating — in  which  the  service  consists  of  conditions 
of  load  and  partial  load,  the  magnitude  and  conditions  of  which  must  be 
specified. 

Temperature  of  Electrical  Apparatus 

As  the  ultimate  temperature  is  the  sum  of  the  temperature  of 
the  surrounding  cooling  medium  and  the  rise  of  temperature  due 
to  the  load  conditions  imposed  upon  the  apparatus,  it  is  necessary 
to  take  into  account  the  variations  encountered  in  the  cooling 
medium.  The  cooling  medium  will  vary  in  different  places,  de- 
pending ujxjn  geographical  location  of  the  apparatus,  upon  the 
season  of  the  year,  and  the  housing  of  the  apparatus.  Under 
this  latter  condition,  it  is  found  that  the  cooling  medium  may 
vary  very  widely  in  temperature,  and  may,  in  poorly  ventilated 
places,  and  in  locations  influenced  by  other  conditions,  run  as 
high  as  40  dcg.  cent,  even  though  the  outdoor  temperature  may 
be  lower. 

It  is  believed  that  the  average  temperature  of  the  cooling 
medium  in  which  electrical  apparatus  is  o])eratcd  in  practise  and 
in  which  apparatus  should  be  tested,  is  about  25  deg.  cent. 

It  is  therefore  recommended  that  the  standard  temperature 
of  the  cooling  medium  be  chosen  as  25  deg.  cent.,  and  that  all 
measurements  and  tests  of  electrical  apparatus  be  based  on  a 
room  temperature  of  25  deg.  cent. 

Since,  however,  the  life  of  the  insulating  material  depends  on 
the  ultimate  temperature  attained,  and  this  depends  on  the  tem- 
perature of  the  cooling  medium,  it  is  necesssLTy  to  recognize  the 
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fact  that  apparatus  is  frequently  operated  in  locations  where  the 
cooling  medium  may  have  a  range  of  temperature  much  higher 
than  25  deg.  cent.  It  is  recommended  that  40  deg.  be  recognized 
as  the  upper  normal  limit  of  the  cooling  medium  and  that  tempera- 
tures higher  than  40  deg.  should  be  accepted  as  abnormal  con- 
ditions that  require  special  consideration. 

Temperature  of  Apparatus 

1.  Ultimate  Temperature: 

A.  Cotton,  treated  cloth,  paper,  and  similar  substances  which 
may  fall  in  this  general  classification,  a  maximum  ultimate  tem- 
perature of  90  deg.  cent. 

B.  Heat  resisting  materials  such  as  asbestos  and  mica  com- 
pounds, etc.,  a  maximimi  ultimate  temperature  of  125  deg.  cent. 
Insulating  material  should  be  considered  as  belonging  to  class 
B  even  if  containing  material  of  class  A,  provided  that  class 
A  material  is  used  only  as  a  means  of  facilitating  construction 
and  may  be  entirely  destroyed  without  interfering  with  the  func- 
tions of  the  insulation.  In  this  case  the  ultimate  temperature  is 
that  of  class  B. 

C.  Fireproof  materials  such  as  pure  mica,  porcelaiiy,  etc.  No 
temperature  limit  can  be  specified. 

These  recommendations  do  not  apply  to  apparatus,  or  parts 
thereof,  the  principal  fimction  of  which  is  the  generation  of  or 
dissipation  of  heat,  (such  as  rheostats  and  heating  devices)  and 
to  structures  and  materials  which  are  not  damaged  by  heat. 

2.  Temperature  to  be  determined  by  approved  method  as 
may  be  specified  in  A.  I.  E.  E.  Rules. 

3.  Under  the  stipulated  load  conditions,  the  following  tem- 
perature rises  on  windings  are  recommended: 

CONTINUOUS    SERVICE 

Class  A  insulation ; 50  deg. 

Class  B  insulation 85  deg. 

SHORT   TIME    SERVICE 

Class  A  insulation 55  deg. 

Railway  motors,  class  A  insulation 65  deg. 

Class  B  insulation 90  deg. 

Short  time  temperature  rises  may  be  on  a  slightly  higher 
basis,  i.e.  five  deg.  as  indicated  in  the  foregoing  table,  because 
the  fluctuating  load  will  permit  of  substantially  the  same  life,  in 
years,  when  operating  intermittently  under  slightly  higher  tem- 
perature. 
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It  is  recognized  that  railway  motors  reqtdre  special  considera- 
tion, owing  to  the  relatively  larger  power  required  in  a  confined 
space,  and  that  therefore  a  higher  temperature  rise  must  be  per- 
mitted, and  that  the  life  of  the  insulation  imder  operating  con- 
ditions will  be  materially  less  than  for  the  other  classes  of  service. 

As  railway  motors  operate  under  good  conditions  of  external 
ventilation  when  carrying  load,  the  temperature  rise  of  65  deg. 
is  permissible. 

Commutators,  The  heating  of  a  commutator  is  due  to  several 
causes: 

a.  Conduction  of  current  in  the  bars. 

b.  Conduction  of  heat  from  the  armature  structure. 

c.  Conduction  of  heat  from  the  bearings. 

d.  Heating  due  to  brush  friction. 

e.  PR  loss  between  the  commutator  and  the  brush. 

This  heating  has  no  material  eflFect  upon  the  life  of  the  insu- 
lation between  the  commutator  bars,  except  that  mechanical 
distortion  may  take  place.     The  effect  of  the  heating  may,  when 
excessive,  cause  deterioration  of  the  commutator  due  to  the  dis- 
tortion of  the  bars,  but  if  the  structure  is  so  designed  that  harm^ 
ful  distortion  cannot  take  place,  the  heating  limits  of  the  com- 
mutator should  be  that  of  the  winding  to  which  it  is  connected, 
i.e.,50deg.  cent,  for  class  A  insulation;  except  in  those  instances 
where  class  A  insulation   may  have  a  permissible  rise  of  55  or 
65  deg.;  or  85  or  90  deg.  for  class  B  insulation. 

Other  Material,  The  temperature  rise  of  any  part  of  the  ap- 
paratus which  is  in  contact  with  insulation  must  not  be  greater 
than  that  allowed  for  the  insulation  with  which  it  comes  in  con- 
tact. 

A  higher  temperature  than  that  specified  is  permissible  for 
such  parts  of  the  apparatus  as  do  not  come  in  contact  with  the 
insulation  and  therefore  cannot,  by  their  higher  temperature,  de- 
corate the  insulation. 

Bearings,  It  is  recommended  that  bearings  should  fall  into 
the  general  classification  of  *'  Other  Material  **  of  the  machine 
not  in  contact  with  insulation,  and  may  have  any  temperature 
that  will  permit  of  safe  and  successful  operation. 

Service  Ratings 

It  is  recommended  that  continuously  rated  electrical  appa- 
ratus falling  within  class  (A  1)  be  rated  upon  a  basis  of  ultimate 
^^perature  without  other  limits  of  capacity  being  exceeded,  and 
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it  is  further  recommended  that  no  overloads  be  specified  for 
apparatus  except  momentary  overloads.  Momentary  over- 
loads are  defined  as  not  exceeding  sixty  seconds,  and  should  be 
as  follows: 

The  maximum  running  torque  of  motors  shoiild  not  be  less 
than  150  per  cent  normal  rated  torque. 

Conmiutating  apparatus  should  commutate  not  less  than 
150  per  cent  of  the  rated  current. 

Alternating-current  machines  should  carry  momentarily  not 
less  than  150  per  cent  rated  current  without  regard  to  the  rated 
voltage. 

Motor 'Generators,  Generators  should  have  the  same  overload 
requirements  as  designated  under  *'  Generators."  The  motor 
should  have  sufficient  capacity  and  overload  res«:Are  to  drive  the 
generator. 

Mechanical  Service  Conditions,  All  types  of  rotating  machines 
should  be  so  constructed  that  they  will  operate  with  safety  at  an 
overspeed  of  25  per  cent  above  the  maximum  rated  speed,  except 
in  the  case  of  steam  turbines  which,  when  equipped  with  emer- 
gency governors,  should  be  constructed  for  20  per  cent  over 
the  maximum  rated  speed,  and  in  the  case  of  series  motors 
no  overspeed  can  be  recommended  on  account  of  the  varying 
service  conditions. 

Waterwheel  generators  should  be  constructed  for  the  maxi- 
mum runaway  speed  which  can  be  reached  by  the  combined 
unit  under  service  conditions. 

For  a  large  percentage  of  apparatus  which  falls  within  classes 
(A  2)  and  (A  3,)  and  (B  1),  (B  2)  and  (B  3),  other  limitations  pre- 
vail. These  types  of  electrical  apparatus  are  designed  to  meet 
definite  service  conditions  demanding  selection  of  apparatus 
having  a  rating  which  will  meet  the  exact  operating  specifica- 
tions. These  limitations  are  fundamental  to  the  design,  and  it 
is  therefore  desirable  that  a  definite  conmiutation  limit,  a  pre- 
scribed starting  torque,  a  prescribed  pull-out  torque  for  a-c. 
motors,  with  a  definite  factor  of  safety  for  mechanical  con- 
struction, be  the  limiting  factors  of  the  rating. 

APPENDIX 

Capacity  Rating 

Item  1.     All  electrical  apparatus  should  be  rated  by  output. 
Item  2.     In  the  case  of  altemating-cturent  generators,    the 
kilo  volt-ampere  is  a  much  more  logical  imit  than  the  kilowatt, 
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since  the  capacity  of  such  machines  when  expressed  in  kilovolt- 
amperes  is  generally  independent  of  the  power  factor,  and  in  any 
case  is  much  more  nearly  independent  of  power  factor  than  when 
the  rating  is  given  in  kilowatts.  However,  in  the  case  of  ma- 
chines in  which  the  field  Umits  the  capacity,  the  allowable 
Idlovolt-ampere  rating  varies  considerably  with  the  power  factor 
and  hence  power  factor  should  be  specified  in  all  cases. 

Item  3.  In  the  case  of  stationary  transformers,  the  rating  in 
Idlovolt-amperes  is  almost  entirely  independent  of  power  factor, 
hence  this  method  is  the  only  logical  one  in  this  case.  For  syn- 
chronous converters,  the  rating  depends  both  upon  the  power 
factor  at  the  a-c.  end  and  the  direct-current  load.  Hence,  both 
should  be  specified.  For  frequency  changers  and  motor-gen- 
erator sets,  the  same  conditions  obtain  as  in  Item  2. 

Item  4.  Thus  a  synchronous  converter  which  delivers  both* 
mechanical  power  and  electrical  power  should  be  rated  as  kilo- 
watt mechanical  power  and  kilowatt  (or  kilovolt-ampere  at  a 
particular  power  factor)  electrical  output.  If  it  is  used  partly 
as  a  synchronous  condenser  as  well,  for  power  factor  correction, 
the  a-c.  power  factor  should  be  specified. 

Synchronous  condensers,  for  power  factor  correction  only, 
should  be  rated  in  kilovolt-amperes  at  zero  power  factor.  When 
a  machine  of  this  type  is  operating  as  a  synchronous  condenser, 
the  power  factor  will  not  be  quite  zero,  since  losses  are  supplied 
electrically,  but  the  difference  will  generally  be  too  small  to  con- 
sider. 

Item  5.  From  the  pure  science  standpoint,  the  kilowatt  is  a 
better  unit  of  power  than  the  horse  power  since  it  is  based 
directly  upon  the  absolute  c.g.s.  system,  the  watt  being  equal 
to  1(F  dyne-centimeters  per  sec,  while  if  we  accept  the  defini- 
tion of  the  horse  power  as  being  550  ft-lb.  per  sec,  it  is  a  gravi- 
tational imit  and  so  is  not  strictly  constant,  but  varies  slightly 
with  the  latitude. 

Also  the  kilowatt  is  the  practically  universal  unit  for  the 
nieasiu-ement  of  electrical  power  throughout  the  civilized  world, 
while  the  "  horse  power  '*  beside  varying  on  account  of  its  being 
a  gravitational  imit  is  defined  differently  in  different  countries 
In  several  Eiux)pean  countries  it  is  defined  as  75  kg-m.  per  sec, 
while  here  it  is  550  ft-lb.  per  sec.  The  difference  is  about  l\  per 
cent. 

Then  too  there  seems  to  be  no  real  reason  why  both  electrical 
and  mechanical  power  should  not  be  expressed  in  the  same  units. 
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and  since  the  kilowatt  is  much  more  desirable  as  a  universal  unit 
than  the  horse  power  for  the  reasons  entimerated,  it  is  recom- 
mended that  the  output  of  motors  be  expressed  in  kilowatts  in- 
stead of  horse  power. 

In  the  case  of  synchronous  motors  which  are  also  used  for  power 
factor  correction,  the  power  factor  at  the  motor  terminals  should 
also  be  given  (leading  power  factor  being  understood)  unless 
otherwise   specified. 

Name-Plate  Stamping 

It  is  evident  for  ratings  (A-2)  and  (A-3),  (B-l),  (B-2)  and  (B-3), 
that  certain  stand  tests  or  compromise  runs  of  machinery,  and  par- 
ticularly motors,  are  desirable.  These  stand  tests  in  addition 
to  determining  various  characteristics  of  the  apparatus,  should 
also  determine  as  a  basis  of  comparison  the  heating  of  the  ma- 
chines, and  as  the  machinery  is  selected  for  various  and  sundry 
cycles  of  operation,  two  methods  can  be  recognized  for  stand 
tests. 

One  is,  in  the  case  of  class  A  machinery  where  the  machine 
is  run  luitil  it  reaches  a  constant  temperatiu'e  under  conditions 
where  the  losses  and  windage  would  be  the  same  as  the  normal 
rating  of  the  machine.  This,  however,  in  many  cases  might 
prove  difficult,  and  a  stand  test  made  in  accordance  with  a  (B-l) 
rating  could  properly  be  substituted,  as  is  now  done  in  case  of 
crane  motors,  machine  tool  motors,  railway  motors,  etc.,  where 
the  stand  test  may  or  may  not  be  the  same  as  the  rating  of  the 
machine. 

The  present  method  of  rating  machinery  on  the  so-called  in- 
termittent basis,  is  somewhat  confusing,  as  for  example;  a  motor 
rated  **  10  h.p. — two  hours  intermittent,"  really  means  that  the 
motor  will  perform  certain  cycles  of  operation,  the  equivalent 
stand  test  of  which  is  two  hours  of  continuous  running  at  10  h.p. 
This  is  often  interpreted  to  mean  that  the  motor  when  installed 
will  have  to  be  shut  down  after  two  hotirs  of  operation  or  the 
motor  will  be  injiu'ed. 

It  is  suggested  that  a  system  of  name  plate  stamping  be 
adopted  which  will  designate  the  apparatus  according  to  the 
various  classifications  set  forth  in  this  paper,  and  that  in  addition 
to  the  ordinary  information  given  on  the  name  plates,  the  equiv- 
alent stand  test  be  included. 

The  following  load  and  temperature  cmves  indicate  the  nature 
of  the  six  ratings  as  recommended  by  the  sub-committee  on 
rating. 
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It  is  also  recommended  that  the  name  plates  of  all  machinery 
rated  in  accordance  with  the  future  rules  of  the  Institute  bear 
the  inscription  of  the  A.  I.  E.  E.,  as  suggested  in  the  following 
examples. 


A  1 

A2 

A3 

B  1 

B2 

1  83 

EQUIVALENT  TEST 


CONTINUOUS 


EQUIVALENT  TEST 


20"''-     80^<"*- 


EQUIVALENT  TEST 


50  H. P.       IH  R. 


EQUIVALENT  TEST 


5H.P.     lO*^"** 


EQUIVALENT  TEST 


30H.P.        1 H  R. 


EQUIVALENT  TEST 


15H.P.     30MIN. 
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Discussion  on  "  Temperature  and  Electriqai*  Insulation  " 
(Steinmetz  and  Lamme)  and  "  Method  of  Rating 
Electrical  Apparatus"  (Merrill,  Powell  Xm^^^Robbins). 
New    York,    February    26,  1913.  *  -  _ 

F.  B.  Crocker  (by  letter) :  The  paper  on  "  Metho^  of 
Rating  Electrical  Apparatus  "  by  Messrs.  Merrill,  Powell. 
and  Robbins,  Sub-committee  on  Rating,  states  that  it  i5 
"recommended  that  no  overloads  be  specified  for  apparatus 
except  momentary  overloads.  Momentary  overloads  are  de- 
fined as  not  exceeding  60  seconds  "  and  are  150  per  cent  of  normal^ 
rated  torque  or  current. ' 

This  method  is  known  as  '*  Maximtma  Rating  "  or  "  Single 
Rating  "  in  contradistinction  to  the  present  A.  I.  E.  E.  Standard- 
ization Rules,  which  require  a  definite  overload  capacity.  In 
the  case  of  a  gas  engine,  maximum  rating  is  not  objectionable, 
in  fact  it  is  practically  inevitable.  Most  electrical  apparatus, 
however,  is  self-destructive  as  compared  with  a  gas  engine, 
which  protects  itself  by  stopping  if  its  load  is  excessive.  An  elec- 
trical machine  does  not  protect  itself  when  overloaded;  it  exerts 
itself  to  carry  increased  loads  until  it  reaches  the  point  of 
self-destruction.  The  difference  between  electrical  machinery 
and  almost  all  other  kinds  is  like  the  difference  between  children 
who  want  to  study  too  hard  and  those  who  do  not  want  to  study 
enough.  The  former  must  be  protected  against  themselves 
and  require  totally  different  treatment. 

In  practise  it  is  impossible  to  predetermine  the  load  of 
an  electrical  machine  because  it  varies  considerably  and  con- 
tinually, with  changes  always  taking  place  even  when  supposed 
to  be  constant.  If  a  machine  with  no  overload  capacity  is 
used  to  drive  its  rated  load,  the  usual  variations  that  occur  are 
likely  to  be  sufficient  to  injure  it.  If  supplied  with  protective 
apparatus  to  safeguard  it  against  overload,  that  same  safeguard 
will  prevent  it  from  carrying  the  frequent  and  considerable 
variations  in  load  occurring  in  practise.  Those  variations 
would  make  it  necessary  to  adjust  the  safeguard  at  a  point  so 
much  above  the  rating  of  the  machine  that  it  will  be  heated  con- 
siderably beyond  its  nonnal  temperature  if  it  should  carry, 
except  momentarily,  the  load  corresponding  to  this  adjustment. 

The  basis  assumed  for  maximum  or  single  rating  is  briefly 
as  follows:  Fibrous  (organic)  insulating  materials,  as  cotton, 
paper,  etc.,  have  a  very  long  life  provided  that  their  ultimate 
temperatures  never  exceed  90  deg.  cent.  If,  then,  the  tempera- 
ture of  the  windings  of  a  machine  insulated  with  such  a  material 
does  not  exceed  90  deg.  cent,  when  operating  continuously,  the 
maximum  load  at  which  it  can  so  operate  is  taken  as  Its  rated 
load. 

If,  however,  the  machine  has  been  running  a  sufficient  time  to 
l^g  its  temperature  up  to  90  deg.,  any  overload  applied  to 
it  would  heat  the  insulation  beyond  the  safe  temperature  and 
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injure  it.     A^^^lteady  stated,  no  overloads  are  guaranteed  on 
machines  /»ted*  in  this  way.     Beyond   this  point  there  is   a 
disagreejft^teJbr  between  two  groups  of  the  advocates  of  single 
rating%'*/Pne    recommends    that     machines     with     such    in- 
siUation 'should  be  rated  to  give  an  ultimate  temperature  at  full 
load,  of  90  deg.     The  other  group  maintains  that  temperature 
.•ii§e,"&nd  not  ultimate  temperature,  should  be  the  basis  for  rating, 
.•.'*:^*^hat  a  room  temperature  is  assumed  and    deducted    from 
**'/vSO  deg.,  the  resulting  temperature  being  the  permissible  rise. 
.•,••*       The   question  is:     What  room   temperature  should  be  as- 
sumed?    The  temperature  of  ordinary  rooms  in  which  electrical 
machinery  operates  varies  from  20  deg.  to  40  deg.  cent.     The 
paper  cited  recommends  '*  that  40  deg.  be  recognized  as  the  upper 
normal  limit  of  the  cooling  medium  "  or  room  temperature,  which 
would  make  a  standard  of  50  deg.  rise. 

The  ultimate  temperature  appears  preferable  because  it 
eliminates  the  indefinite  value  of  room  temperature,  but  prac- 
tically, the  standardization  of  ultimate  temperature  would 
introduce  confusion  almost  worse  than  no  standard,  because 
it  would  mean  that  before  a  sale  could  properly  be  made, 
investigation  of  the  probable  temperature  of  the  customer's 
plant  would  be  necessary  and  if  one  salesman  estimated  it  at 
25  deg.  and  another  estimated  it  at  35  deg.,  the  first  would 
offer  a  generator  for  65  deg.  rise  and  the  second  salesman  one 
for  55  deg.  rise.  The  tendency  would  surely  be  to  estimate 
the  room  temperature  low,  giving  the  customer  as  small  a  ma- 
chine as  possible,  and  endless  trouble  would  result. 

Moreover,  any  machine  built  in  accordance  with  maximum 
rating  must  be  applied  to  its  work  much  more  carefully  than  at 
present.  Since  it  cannot  carry  any  overload,  it  must  never  be 
overloaded,  and  therefore  an  intimate  knowledge  of  the  con- 
ditions under  which  each  machine  will  have  to  operate,  during 
its  whole  life,  must  be  obtained.  Even  the  most  carefid 
investigations  can  only  go  far  enough  to  apply  the  motor 
properly  in  the  first  place,  but  they  do  not  take  care  of 
future  conditions.  With  single  rating,  a  machine  would  have  to 
be  rated  at  the  maximum  load  it  would  ever  be  required  to  carry, 
and  who  is  the  prophet  to  predict  what  that  might  be?  It 
could  not  safely  be  depended  upon  to  carry  unexpected  or  even 
peak  overloads  higher  than  its  normal  rating. 

For  example,  suppose  a  manufacturer  buys  a  motor  to  drive 
a  lathe  and  tests  are  nmde  when  the  lathe  is  performing  its  regular 
work  to  determine  the  power  required,  the  motor  being  selected 
and  applied  accordingly.  If  the  manufacturer  should  obtain 
tool  steel  capable  of  taking  a  larger  cut  from  the  rtiaterial  in 
process,  the  single-rated  motor  would  be  incapable  of  securing 
the  advantage  of  this  new  kind  of  steel. 

Consider  also  a  motor  applied  co  a  line  shaft  driving  a  number 

of  tools.     The  manufacturer  finds  it  advisable  to  add  one  more 

tool.     If  a  motor  of  maximum  rating  has  been  chosen  on  the  basis 

that  its  name  implies,  he  cannot  add  tVve  \x>o\\>eca>asfe  o1\m^  ot 
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capacity  in  his  motor,  whereas  the  present  type  of  motor  would 
carry  such  added  load  without  difficulty.  ^ 

K  the  line  shaft  gets  a  Uttle  out  of  alignment , '"which  js  very 
likely  to  occur,  a  motor  of  maximum  rating  would  be  incapable 
of  meeting  this  new  condition. 

It  is  argued  that  single  rating  is  safe  provided  the  tempera- 
ture limit  is  put  low  enough.  The  machine  would  have  a 
margin  for  overload,  although  none  would  be  guaranteed. 
This  would  not  be  satisfactory  to  the  manufacturer  because 
he  would  not  get  and  would  not  be  entitled  to  any  credit  for 
extra  capacity  not  guaranteed.  Nor  would  it  be  satisfactory 
to  the  customer  because  he  is  not  informed  as  to  the  danger 
point.  If  we  have  overload  capacity  in  our  machine,  the 
customer  will  surely  find  it  out  and  use  it  under  unusual  cir- 
cumstances, hence  we  must  inform  him  exactly  what  its  limits 
are.  If  he  is  so  informed,  then  we  cease  to  have  single  rating  and 
come  around  to  practically  the  present  basis  of  rating,  which  in- 
cludes overload  capacity. 

Overload  capacity  is  the  margin  corresponding  to  the  factor 
of  safety  used  in  all  branches  of  engineering.  With  maximum 
or  single  rating  there  is  really  no  factor  of  safety  at  all.  The 
two  papers  by  the  Sub-committees  on  Revision  of  Rules  and 
Rating  both  clearly  accept  90  deg.  cent,  as  the  maximum  ulti- 
mate temperature,  measured  by  thermometer.  This  is  the 
actual  physical  limit  and  it  is  merely  an  arbitrary  matter  if  we 
subdivide  it  and  call  it  the  sum  of  40  deg.  room  temperature  and 
50  deg.  cent.  rise.  The  paper  by  the  Sub-committee  on  Revision 
of  Rules  (on  page  85  of  this  volume),  allows  for  the  fact 
that  local  spots  or  internal  temperature  will  probably  be  about 
100  deg.  cent,  at  which  the  insulation  defined  above  has  **  a 
comparatively  long  life."  If,  on  the  other  hand,  the  maximum 
ultimate  temperature  of  the  hottest  pomt  does  not  exceed  90 
deg.  cent.,  then  such  insulation  has  **  a  very  long  life  "  (see 
page  81,  line  1).  Hence  with  the  rating  proposed,  which 
permits  90  deg.  ultimate  maximum  temperature  measured 
by  thermometer  on  the  surface,  the  temperature  will  actually  be 
100  deg.  in  the  interior,  certainly  in  spots.  At  this  temperature 
the  life  of  such  insulation  is  considerably  shortened.  The  pro- 
posed limit  is  therefore  10  deg.  above  the  true  safety  point,  which 
is  that  point  at  which  any  considerable  deterioration  begins  to 
occur.  This  point  for  electrical  insulation  corresponds  closely 
to  the  elastic  limit  of  structural  materials.  It  is  this  limit  and 
not  the  actual  breaking  point  that  is  taken  as  the  basis  in  allowing 
a  factor  of  safety.  The  point  at  which  the  electrical  insulation 
breaks  down  corresponds  to  the  breaking  point  of  structural 
materials. 

The  proposed  rating  not  only  fails  to  provide  any  margin  or 
factor  of  safety  whatever,  but  permits  insulation  be  be  used  at 
a  temperatiu'e  at  which  it  admittedJy  suffers  permanent  and  con- 
siderable deprecjMtjon,    Hence  the  margin  is  actually  a  negative 
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quantity,  and  the  factor  of  safety  is  less  than  one.  Imagine 
a  bridge  that  was  "  rated  "  in  this  way,  its  load  being  stated  at 
more  than  its  elastic  limit.  Of  course  with  single  rating  this  is 
the  only  figure  mentioned,  and  most  persons,  either  from  ignor- 
ance, carelessness  or  something  worse,  woiild  assume  that  to 
be  what  the  bridge  should  actually  carry. 

An  apparently  good  reason  advanced  for  single  rating  is  its 
simplicity.  It  sotmds  simple  and  therefore  attractive,  but  it 
would  be  still  simpler  to  have  no  standard  at  all.  The  purpose 
of  a  standard  is  to  protect  the  public  against  ignorance  and  un- 
scrupulousness,  and  the  "  single  "  standard  would  do  neither. 
The  purchaser  would  naturally  assume  that  he  could  use  a  ma- 
chine to  carry  the  load  at  wluch  it  is  rated.  Certainly  the  seller 
would  have  every  reason  to  allow  him  to  think  so.  We  are  very 
far  from  the  millennium  when  every  customer  will  be  so  wise  that 
he  will  correctly  allow  for  a  certain  margin  of  capacity  and  when 
fevery  salesman  will  conscientiously  unbosom  himself  of  all  the 
limitations  of  the  apparatus  which  he  is  endeavoring  to  sell. 

As  one  who*  has  always  had  a  deep  interest  in  the  Standard- 
ization Rules  of  the  Institute  and  who  took  part  in  their  original 
formulation  as  well  as  both  of  their  revisions,  the  writer  firmly 
believes  that  electrical  apparatus  should  not  be  single-rated. 
The  manufacturer,  the  salesman,  the  purchaser  and  the  user  all 
need  to  be  protected  against  their  natural  tendency,  which  is 
deep  down  in  all  of  them,  to  take  that  rating  as  the  proper  actual 
load  for  the  apparatus.  Engineering  is  responsible  for  the  intro- 
duction of  proper  factors  of  safety  in  the  building  of  machines 
and  structiu"es.  It  is  a  violation  of  the  fundamental  prin- 
ciples of  engineering  and  seems  nothing  short  of  foolhardy 
for  electrical  engineers  to  attempt  to  get  along  without  factors 
of  safety.  Not  only  figuratively,  but  literally,  it  is  Ajax  defying 
the  lightning! 

James  Burke:  My  understanding  of  the  two  papers  is  as 
follows:  That  the  intention  is  to  limit  the  ultimate  temperature 
at  which  different  kinds  of  insulation  will  be  graded.  The  prac- 
tise heretofore  has  been  to  have  various  temperature  increases 
stated  in  the  specifications.  Some  specifications  are  for  35  deg. 
increase,  some  for  40  deg.  some  for  50,  some  for  55,  and  some  for 
higher  increase.  My  understanding  of  the  first  paper  is  that 
independent  of  the  increase  in  temperature,  the  paper  intends 
to  set  an  absolute  limit  so  that  if  a  temperature  of  the  surround- 
ing air  is  higher  than  40  deg.  the  increase  would  be  considered  as 
a  special  case  and  set  at  a  lower  figure,  and  that  the  real  intent 
of  the  paper  is  that  it  calls  attention  to  the  penalty  of  running  at 
higher  ultimate  temperatures  than  specified  in  the  paper.  That 
determines  the  danger  point  from  the  user's  standpoint. 

Now,  in  order  to  apply  that  to  commercial  condition,  it  is 
necessary  to  agree  upon  a  certain  average  of  maximum  air 
temperature  for  special  purposes,  and  this  paper  suggests  40  deg. 
as  the  maximum  which  will  permit  of  50  deg.  increase  in  tempera- 
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ture  in  machines  with  fibrous  insulation  as  a  standard  commercial 
machine.  As  Mr.  Lamme  has  pointed  out,  it  is  the  ultimate 
temperature  that  determines  the  safety  working  point.  But 
in  the  manufacture  of  machinery  it  is  necessary  to  bring  into 
consideration  the  increase  in  temperature,  because  on  this  condi- 
tion the  ratings  of  machines  are  determined. 

I  further  understand  that  the  intent  of  these  papers  is  not  to 
reconunend  that  an  increase  of  50  deg.  be  standard,  but  that  it  be 
considered  as  a  limit,  so  that  if  one  wants  to  establish  a  lower 
temperature  increase  it  is  not  inconsistent  with  this  paper,  it 
simply  calls  attention  to  the  danger  point,  and  that  no  tempera- 
ture increases  in  excess  of  this  should  be  considered  good  engineer- 
ing practise,  or  should  be  recognized  by  the  Institute. 

On  the  suggestions  of  different  ratings  in  the  paper  by  Messrs. 
Merrill,   Powell  and  Robins  the  intent  seems  to  be  to  show  six 
different  kinds  of  ratings  that  may  occur.     The  first  is  the  con- 
tinuous  rating,   which   probably   covers   the   majority   of   the 
machines  today.     That  is  classed  as  A  1,  and  then  come  five 
ratings  that  refer  to  highly  specialized  applications,  not  for 
motors  that  are  usually  sold  under  every  day  conditions,  but  in 
which  the  particular  service  has  been  carefully  studied,  the  nature 
of  the  load,  and  the  nature  of  the  load  variations,  in  order  to 
employ  entirely  special  motors  for  each  instance.   The  A  2,  A  3,  B 
1,  B  2,  B  3  have  been  suggested.     My  personal  view  is  that  they 
are  suggested  more  for  the  purpose  of  bringing  out  discussion, 
although  I  am  not  posted  on  whether  that  is  correct  or  not.    The 
three  A  ratings  relate  to  machines  that  reach  an  ultimate  tempera- 
ture.   All  the  three  curves  show  that  the  test  is  continued  until 
a  maximum  temperature  is  reached.     The  A  1  is  for  a  continuous 
load,  constant  load,  the  A  2  for  a  load  that  is  on,  and  then  entirely 
off  for  a  period,  and  then  on  again,  and  then  entirely  off,  and  the 
A  3  for  a  load  which  varies  between  the  maximum  and  minimum, 
and  in  which  there  is  some  load  on  all  the  time.     The  B  ratings 
are  in  the  same  class  as  the  A  ratings,  but  for  conditions  in  which 
the  ultimate  temperature  is  not  reached,  or,  in  other  words,  in 
which  the  service  is  such  that  the  period  of  use  is  so  short  that 
the  ultimate  temperature  is  not  reached,  and  that  is  the  distinc- 
tion between  the    two.     I    do    not    understand    how   it    is    to 
be  determined  what  the  equivalent  test  is.     For  continuous 
sennce,  the  equivalent  test  is  a  continuous  test.     For  the  A  2 
class  an  80  minute  test  is  considered  as  an  equivalent  test,  in 
getting  the  ultimate  and  final  temperature  for  the  service,  which 
fluctuates  between  no-load  and  full  load,  or  between  out  of  ser- 
vice and  in  service.     Now,  that  80  minute  test  might  be  a  proper 
equivalent  for  one  condition  of  load,  but  it  would  certainly  not 
be  the  equivalent  for  all  A  2 's.     I  would  like  to  ask  the  authcrs 
of  the  paper  to  tell  us  how  the  temperature  of  equivalent  tests 
would  be  determined  for  each  kind  of  service. 

The  use  of  the  initials  of  the  Institute  A.  I.  E.  E.  on  the  name- 
plates  of  machines,  I  think  is  intended  to  mean  simply  that  the 
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temperature  increase  is  not  more  than  50  deg.,  for  fibrous  instda- 
tion,  and  a  higher  temperature  for  other  insidation,  and  also  that 
the  basis  of  rating  is  on  the  single  rating  or  rating  without  over- 
load, in  other  words  the  A.  I.  E.  E.  mark  on  the  name-plate  is  a 
provision  for  50  deg.  increase  and  no  overload.  I  do  not  think 
it  iS  intended  to  mean  that  the  A.  I.  E.  E.  approves  of  the  A  2 
rating  being  of  the  equivalent  test  of  20  minutes,  or  that  there 
is  any  approval  connected  with  that. 

One  very  important  point  brought  out  in  these  papers  is  the 
matter  of  temperature  correction,  and  I  will  say  something  on 
that  subject  after  the  papers  on  Temperature  Correction  are 
read. 

Henry  G.  Stott:  I  wish  to  say  one  word  in  regard  to  the  work 
of  the  Standards  Committee.  I  think  if  you  will  review  the  past 
history  of  the  Institute  you  will  find  that  the  present  standing 
of  the  Institute  work  is  largely  due  to  the  magnificent  work  and 
the  imselfish  support  of  the  Standards  Committee.  I  think 
it  would  be  difficult  to  find  a  contract  for  electrical  apparatus 
which  has  been  drawn  in  the  United  States  or  in  Canada  in  which 
you  will  not  find  the  A.  I.  E.  E.  rules  referred  to  as  being  part  of 
that  contract.  I  simply  wish  to  convey  my  expression  of  appre- 
ciation to  the  Chairman  and  through  him  to  the  other  members 
of  the  Standards  Committee  for  the  large  amount  of  unselfish 
work  they  have  done  in  helping  along  the  Institute  in  this  way. 

Referring  to  the  first  paper  by  Dr.  Steinmetz  and  Mr.  Lamme, 
and  coming  to  the  curve  Fig.  1 ,  which  applies  to  insulation  of  class 
A,  I  would  say  that  the  results  shown  in  this  curve  do  not  conform 
to  my  experience  with  this  class  of  insulation.  I  have  had  some 
rather  bitter  experiences  covering  some  fairly  large  machines, 
and  it  is  my  experience  that  four  years  more  nearly  represents 
the  life  of  insulation  of  this  kind  than  ten  years  under  the  condi- 
tions outlined.  In  one  plant  the  machines  were  3500  kw.  in 
size,  operating  at  6500  volts.  The  temperature  rise  on  the  aver- 
age was  about  40  deg.  cent.,  and  the  surrounding  air  was  30 
to  35  deg.  cent.,  making  an  ultimate  temperature  of  75  deg. 
cent.  The  life  of  those  machines  has  averaged  very  nearly  four 
years,  and  as  a  result  we  hav^  now  changed  the  insulation 
from  class  A  to  class  B,  in  the  endeavor  to  get  a  longer  life  from 
the  machines. 

In  regard  to  the  second  paper  on  Methods  of  Rating  Electrical 
Apparatus,  I  would  like  to  suggest,  referring  to  the  proposed 
name-plates  on  the  last  page,  that  where  the  letters  ''  h.p.  '' 
occur  there  should  be  substituted  **  kw.,''  and  then  within 
brackets  after  that,  in  very  small  letters,  should  be  stamped 
h.p.,  so  as  to  make  the  important  thing  the  kilowatts  and  the 
unimportant  thing  the  horse  power. 

Leo  Schuler:  I  have  listened  with  great  pleasure  to  what  Dr. 
Steinmetz  said  in  regard  to  the  new  Standardization  Rules, 
especially  that  it  is  the  intention  to  adjust  them  to  the  stand- 
ardization rules  of  other  countries.     It  was  of  special  interest  to 
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learn  that  you  intend  to  do  away  with  the  overload  capacities, 
which  was  hitherto  the  main  difference  between  your  rules  and 
the  German  rules. 

You  know  that  the  International  Electrotechnical  Commission 
appointed  a  special  committee  for  the  rating  or  standardization 
of  machinery,  which  committee  had  a  meeting  in  Zurich  in  Janu- 
ary, and  the  conclusions  of  the  committee  with  regard  to  the 
admissible  temperatures  were  about  the  same  as  are  proposed 
in  Dr.  Steinmetz's  and  Mr.  Lamme's  paper.  It  was  also  decided 
to  state,  not  the  rise  in  temperature  but  the  absolute  temperature, 
as  the  life  of  the  insulation  depends  primarily  upon  its  tempera- 
ture. The  limit  adopted  in  Zurich  for  class  A  (cotton,  papers, 
etc.)  was  practically  the  same  as  proposed  in  the  paper  of  Stein- 
metz  and  Lamme.  That  is,  for  impregnated  cotton,  we  have 
stated  that  the  temperature,  if  measured  by  the  usual  methods, 
should  not  be  moire  than  90  deg.  cent.  For  cotton,  without 
impregnation,  however,  we  have  fixed  the  temperature  at  80 
deg.  cent,  only,  because  it  seems  quite  certain  that  dry  cotton 
without  any  impregnation  will  not  stand  mechanical  stresses 
quite  as  well  as  impregnated  cotton.  However,  for  coils  entirely 
impregnated  with  some  compound  so  that  all  air  is  excluded,  the 
heat  conductivity  is  so  much  better  than  in  an  ordinary  coil  that 
the  temperature  gradient  would  be  much  less,  and  we  therefore 
propose  to  adopt  for  such  coils  a  temperature  limit  of  95  deg. 
cent,  instead  of  90  deg.  This  is,  however,  only  proposed  for 
continuous-current  coils  because  in  such  coils  the  mechanical 
stresses  are  less  than  in  coils  for  alternating  current.  The  same 
limit  should  be  adopted  for  coils  which  consist  of  only  one  layer 
of  copper  because  necessarily  the  heat  conductivity  is  much 
better  than  in  ordinary  coils,  and  the  maximum  temperature 
will  be  much  nearer  to  the  measured  value. 

Now,  with  regard  to  room  temperatures,  you  propose  to  have 
a  standard  of  40  deg.  cent.  The  International  Commission  has 
proposed  30  deg.  cent.  This  is  a  great  difference,  of  course. 
However,  as  is  stated  also  in  the  paper  by  Steinmetz  and  Lamme, 
40  deg.  cent,  will  usually  occur  only  in  steam  stations.  Now,  if 
we  consider  how  many  standard  machines,  especially  motors, 
are  used  in  ordinary  rooms,  and  how  many  are  used  in  steam 
stations — this  will  probably  be  one  per  cent  or  less — I  do  not 
think  we  should,  therefore,  introduce  40  deg.  cent,  as  the  normal 
air  temperature  for  all  standard  machinery.  Thirty  deg.  cent. 
will  be  quite  sufficient,  and  even  when  in  hot  summer  days  40 
deg.  occurs  occasionally  this  would  not  have  much  influence  on 
the  life  of  the  machine. 

I  should  Uke  to  raise  another  question.  If  the  curve  Fig.  1 
in  Dr.  Steinmetz's  paper,  for  cotton  in  air,  is  assumed  to  be  cor- 
rect, there  will  be  another  somewhat  lower  curve  for  cotton  in 
oil,  as  the  deterioration  of  the  cotton  is  due  to  the  combined  in- 
fluence of  heat  and  oxygen.  We  have  in  Germany  estimated 
that  the  difference  will  be  about  10  deg.  cent.,  and,  therefore,  we 
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will  allow  100  deg.  cent,  for  oil  transformers.     Perhaps  the 
authors  of  the  paper  will  give  their  opinion  on  that  point. 

I  should  like  to  ask  what  the  authors  mean  by  "  resultant 
temperature  "  when  the  coolmg  of  the  machine  is  affected  by 
both  the  air  temperature  and  another  cooling  medium,  either 
air  taken  from  outside,  or  water.  Does  it  mean  the  mean 
temperature?  That  would  not  be  correct,  because  it  depends 
upon  the  distribution  of  the  cooling  effect  on  the  air  and  the  other 
cooling  medium.  In  the  new  German  rules  the  corresponding 
paragraph  is  as  follows:  **  If  besides  the  water  or  artificial  air 
cooling  considerable  cooling  takes  place  by  the  surrounding  air, 
then  the  *  temperature  of  the  surrounding  '  will  be  considered 
the  temperature  the  machine  or  transformer  attains  when  work- 
ing not  excited  under  the  influence  of  the  cooling  medium." 
That  means  an  additional  test  is  made  with  the  water  turned  on, 
under  no  load,  and  no  excitation  on  the  transformer,  and  then 
the  final  temperature  is  measured. 

In  regard  to  the  second  paper,  I  may  mention  that  we  use 
only  the  continuous  "  rating  or  rating  for  a  certain  time,"  that 
time  to  be  stated  on  the  name-plate;  we  do  not  speak  of  inter- 
mittent rating,  intermittent  service,  or  anything  of  that  kind. 
I  think  that  it  is  an  unnecessary  complication  to  adopt  two  temp- 
erature limits  for  continuous  and  intermittent  service.  This  is 
simply  a  question  of  choosing  the  correct  size  of  motor  for  the 
conditions  of  service.  It  will  be  understood  that  a  motor  for 
intermittent  service  will  occasionally  attain  a  higher  tempera- 
ture than  it  attains  when  tested  under  its  rated  load  and  within 
the  rated  time.  It  comes  to  the  same  result  whether  we  use  for 
a  given  service  a  motor  of  say  2  h.p.  of  one  hour's  rating  with 
50  deg.  rise,  or  the  same  motor  rated  20  h.p.  for  90  min.,  with 
60  deg.  rise.  I  may  further  mention  that  we  have  in  Germany 
tried  to  standardize  also  the  time  for  rating  machinery;  we  have 
adopted  the  rating  of  10,  30,  60  and  90  min.,  which  will  prob- 
ably meet  all  practical  conditions. 

W.  L.  Waters:  Probably  the  most  important  statement 
in  Messrs.  Steinmetz  and  Lamme's  paper  is  that  "  A  blind 
adherence  to  some  particular  rule  or  method  of  taking 
temperatures  may  lead  to  fallacious  results — and  in  the  end  it 
is  the  manufacturer  who  must  supply  the  necessary  margin  over 
the  approximate  measurements,  in  order  to  make  the  machine 
safe."  I  think  the  committee  would  be  ill  advised  to  make,  or  to 
encourage  the  making  of  fixed  rules  at  the  present  time  for  the 
measurement  of  internal  temperatures  in  electrical  machinery, 
as  it  is  difficult  even  for  the  expert  experimenters  in  the  large 
manufacturing  companies,  who  are  giving  their  whole  time  to  the 
work,  to  form  an  accurate  idea  of  the  distribution  of  temperature 
in  a  large  machine. 

Temperature  tests  are  primarily  to  determine  whether  the 
insulation  is  operating  at  a  dangerous  temperature;  but  before 
this  question  becomes  of  any  importance,  it  should  be  first 
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known  that  the  design  of  insulation,  method  of  manufacture,  and 
workmanship,  are  satisfactory.  It  has  been  known  for  thirty 
years  that  mica  was  a  very  good  insulator  for  high 
temperatures,  when  it  was  used  under  conditions  where  its 
lack  of  mechanical  strength  was  no  disadvantage.  It  was  also 
known  that  asbestos  could  be  operated  satisfactorily  at  high 
temperatures,  but  its  lack  of  mechanical  strength  and  hygroscopic 
nattire  rendered  it  almost  useless  as  an  insulator.  The  progress  that 
has  been  made  is  in  the  development  of  processes  for  utilizing  these 
high  temperature  insulation  materials  so  that  their  material  weak- 
nesses are  overcome;  and  also  in  educating  workmen  to  be 
capable  of  carrying  out  these  processes.  It  should  be  definitely 
recognized  that  on  these  points,  the  purchaser  is  almost  entirely 
dependent  upon  the  manufacturer,  and  that  rules  are  of  no 
assistance  in  passing  upon  them. 

I  would  suggest  that  at  the  present  time,  the  Standards 
Committee  should  state  that  it  is  extremely  difficult  to  obtain 
any  exact  idea  of  these  internal  temperatures,  though  the  pur- 
chaser would  do  well  to  satisfy  himself  that  the  manufacturer 
has  provided  insulation  stiitable  for  operation  at  the  tem- 
peratures which  exist,  and  further  that  the  method  of  ap- 
plying the  insulation  and  the  workmanship  are  satisfactory. 
I  think  that  some  such  statement  as  this  would  warn  the 
purchaser  or  operating  engineer  of  the  danger  which  may 
be  expected,  and  at  the  same  time,  will  guard  against  the 
false  feeling  of  security  which  frequently  results  after  a  few 
rough  temperature  tests  have  been  made. 

H.  U.  Hart:  Those  engaged  in  the  design  of  generators  of 
large  capacity  have  known  for  a  number  of  years  that  the 
temperatures  in  the  middle  of  the  core  or  coils  were  much  higher 
than  the  temperatures  indicated  by  thermometers  placed  on  the 
outside  of  the  iron  or  on  the  exposed  portion  of  the  coil.  These 
interior  temperatures  have  been  measured  by  thermocouples 
or  other  means,  and  suitable  insulation  provided  that  will  with- 
stand the  maximum  temperatures. 

The  present  rules  of  the  A.  I.  E.  E.  for  determining  the 
temperatures  on  generators  are  inadequate,  as  they  specify  the 
temperatures  to  be  taken  by  thermometers  or  by  increase  in 
resistance  method  of  the  windings.  They  make  no  mention  of 
the  maximum  temperature  allowable  for  the  different  tyj^es  of 
insulation  on  the  interior  of  the  core  of  windings.  Due  to  re- 
cent commercial  development  of  a  number  of  instruments  to 
determine  these  maximum  temperatures  inside  the  slot,  opera- 
ting companies  have  been  unduly  alarmed  by  the  temperatures 
obtained. 

I  have  examined  the  armature  coils  on  a  large  generator  having 
class  B  insulation,  which  consists  principally  of  mica  insulation 
used  in  combination  with  other  binding  material.  The  coils 
had  been  in  continuous  service,  operating  at  temperatures  in 
the  slot  of  approximately  110  deg.  cent,  for  seven  years,  and  there 
was  no  apparent  deterioration. 
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We  have  recently  developed  an  armature  coil  having  no 
fibrous  binding  material,  the  coil  containing  only  copper,  mica 
and  asbestos.  This  coil  would  probably  come  under  class  C 
insulation.  Sample  test  coils  were  heated  for  several  months 
in  an  oven  at  250  deg.  cent.,  and  there  was  no  apparent  deteriora- 
tion. 

While  it  may  not  be  advisable  at  the  present  time  to  work  at 
such  high  temperatures,  still  it  is  interesting  to  note  that  stiitable 
insulation  can  be  provided,  having  such  a  wide  margin  over  the 
temperatures  recommended  in  the  above  paper.  It  would 
appear  that  instead  of  specifying  very  low  temperature  rises, 
necessitating  a  very  expensive  machine,  there  would  really  be 
more  margin  in  a  generator,  having  a  fairly  high  temperature 
rise  in  the  interior  of  the  slot  and  fire-proof  insulation. 

I  believe  the  recommendations  of  Messrs.  Steinmetz  and 
Lamme  for  the  maximum  temperature  allowable  on  types  A  and 
B  insulation  to  be  conservative,  and  I  would  be  in  favor  of  having 
their  recommendations  incorporated  in  the  Standardization 
Rules  of  the  A.  I.  E.  E. 

B.  A.  Behrend:  I  want  to  say  a  few  words  about  the  history 
of  the  labors  of  the  Standards  Committee  as  I  remember  them 
during  the  last  fifteen  years.  A  report  prepared  by  the  former 
Standards  Committee,  of  which  I  was  a  member  for  almost 
ten  years,  embodied  rules  with  which  we  are  all  familiar,  because 
they  have  been  with  us  for  half  a  score  of  years,  or  more.  It  is 
absolutely  necessary  in  formulating  a  new  code  to  consider  the 
effect  which  the  former  code  has  had  on  the  electrical  industry, 
and  I  want  to  nm  over  the  past  in  a  few  minutes  to  present  to 
you  that  aspect  of  standardization. 

The  old  rules  were  conceived  as  expressing,  as  nearly  as  the 
art  knew  it  at  the  time,  viz.,  fifteen  years  ago,  the  facts  laiown  to 
the  designers  of  electrical  machinery.  It  represented  partly 
the  knowledge  of  the  time,  and  partly  the  knowledge  of  the  past. 
In  fact,  the  code  has  always  standardized  the  past.  If  there  is 
any  lesson  at  all  in  history,  the  new  code  is  gomg  to  do  the  same 
again,  viz.,  it  will  standardize  the  past.  If  we  wish  to  stand- 
ardize at  all  we  have  to  standardize  the  past,  for  the  obvious 
reason  that  we  do  not  know  the  future,  for  which  we  should 
endeavor  to  cast  our  rules.  With  the  constant  progress  and  con- 
stant changing  of  conditions,  there  is  nothing  more  daugerous 
than  a  rigid  standardization,  and  while  I  want  to  express  my  own 
personal  appreciation  for  the  excellent  work  that  has  been  done 
and  which  has  been  embodied  in  this  large  volume  of  papers,  I 
cannot  help  but  fear  that  the  standardization  report  which  is  to 
be  the  outgrowth  of  so  much  valuable  matenal  will  be  a  handicap 
again  to  the  industry. 

The  old  rules  were  of  no  assistance  to  the  designing  engineer, 
or  the  engineer  in  charge  of  manufacturing  plants.  They  were 
mostly  incomplete,  misleading,  and  fallacious,  and,  with  the 
authority  of  the  A.  I.  E.  E.  impressed  upon  them,  they  have  been 
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extremely  harmful.  No  amount  of  facts  presented  could  break 
the  baneful  influence  of  these  fallacious  rules.  For  many  years 
I  waged  a  campaign  before  this  Institute  in  papers  in  which  I 
presented  voluminous  experimental  data,  in  order  to  demonstrate 
that  the  old  rules  as  to  regulation  were  useless,  in  fact  thoroughly 
wrong  and  misleading.  The  method  of  measiuing  temperature 
by  thermometer  I  contended  was  fallacious.  But  nothing  could 
be  done — the  rules  existed,  handicapping  the  industry,  the  engi- 
neer, and  the  designer. 

In  the  papers  before  us  many  of  the  old  faults  are  corrected  as 
we  see  them  today,  but  let  me  ask  you,  will  the  new  methods  take 
care  of  the  conditions  as  they  will  arise  in  the  future?     It  is 
likely  that,  two  or  three  years  hence,  these  rules,  by  that  time 
embodied  in  a  code,  will  be  a  detriment  again;  may  they  not 
hamper  again  the  designing  engineers  as  well  as  the  users  of 
electrical  apparatus?     I  fear  that,  if  these  rules  are  drawn  too 
rigidly,  with  too  keen  a  desire  to  embrace  all  the  facts  as  we  see 
them  today,  you  will  make  a  great  mistake  which  it  will  be  very 
difficult  for  you  to  correct  in  the  future.     Single  ratings,  or  maxi- 
mum ratings,  are  all  right,  but  it  is  a  new  departure  which  is 
bound  to  cause  much  confusion  until  conditions  have  adjusted 
themselves  to  them.     Our  experience  with  the  old  code  has  shown 
that  ten  years  after  a  rule  has  been  advocated  it  has  been 
adopted.     Legislation   follows   the   past,   like   standardization. 
I  think  we  should  endeavor  to  anticipate  the  future  rather  than 
legislate  for  past  conditions,  and  that  is,  I  believe,  the  weakness 
of  the  new  Standardization  Rules,  for  whose  adoption  I  shall 
plead  in  a  very  general  form,  but,  in  fact,  in  so  general  a  form 
as  adopted  by  the  German  society.     Such  general  form  has  the 
same  advantage  as  the  wonderful  description  of  creation  in  the 
first  and  second  chapters  of  Genesis.     This  story  conceived 
probably  thirty-five  hundred  years  ago,  has   been  worded   in 
such  beautifully  general  terms  that  it  has  fitted  any  theory  of 
creation  from  the  date  of  the  Chaldeans  to  the  evolutionists  of 
modem  times.     The  Book  of  Genesis  is  couched  in  such  poetic, 
general  language,  that  it  can  be  applied  to  all  conditions  at  all 
times.     The  report  of  the  Standards  Committee  will  be  most 
sucessful  if  it  also  is  couched  in  similar  language,  so  that  future 
generations  will  say,  *'  these  men  anticipated  our  conditions.*' 

James  M.  Smith:  It  appears  that  there  are  three  standards 
to  be  considered.  Two  of  them  are  adopted  standards,  the  third 
ft  proposed  standard.  The  first  standard  is  that  adopted  by 
practise,  and  based  on  the  experience  of  many  years.  The  second 
is  that  adopted  by  the  American  Institute  several  years  ago, 
but  which  has  not  been  adopted  by  practise,  and  the  third  is  the 
standard  proposed  in  the  paper  by  Messrs.  Merrill,  Powell  and 
Robbins. 

The  standard  of  practise  has  a  normal  full  load  operating 
^perature  that  is  conservative  and  safe  even  under  severe 
conditions  of  operation   or  application.     It  permits  overload 
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capacities  which  are  stated,  and  are,  therefore,  a  protection 
to  both  customer  and  manufacturer. 

The  American  Institute  standard  which  has  not  been  adopted 
in  practise  requires  the  measurement  of  temperature  by  resist- 
ance which  has  not  proved  satisfactory,  and  allows  for  tempera- 
tures 10  deg.  higher  than  that  adopted  by  standard  practise. 
The  present  proposed  standard  not  only  suggests  temperatures 
10  deg.  higher  than  the  present  standard  of  practise  but  does 
away  with  all  overload  guarantee  excepting  one  of  maximum 
torque  capacity  which  is  stated  to  be  50  per  cent  above  full  load 
torque.  It  is  apparent  that  the  present  proposed  standard  is 
for  the  purpose  of  making  our  guarantees  similar  to  those  of 
European  manufacturers.     This  is  for  two  reasons: 

First,  because  it  is  considered  desirable  to  have  a  world-wide 
standard,  and 

Second,  to  enable  manufacturers  in  this  country  to  compete 
successfully  with  foreign  manufacturers  in  the  export  field. 

For  universal  adoption,  the  first  thing  to  consider  is  what  are 
the  correct  standards.  The  present  American  standards  are 
conservative  and  produce  machinery  ample  in  capacity  to  meet 
all  conditions  of  ordinary  service.  European  standards  are  not 
likewise  conservative,  and  machines  built  in  accordance  with 
them  must  be  carefully  applied  to  avoid  undue  depreciation. 

If  the  American  standard  is  changed  to  conform  with  the 
European,  then  American  purchasers  educated  in  our  conserva- 
tive methods  of  rating  will  suffer  from  incorrect  conceptions  of 
the  new  rating  until  years  have  elapsed  and  they  become  educated 
to  the  new  close  margin  standard.  In  determining  standards 
of  rating  for  electrical  machinery  the  prime  consideration  must 
be  the  adoption  of  standards  which  will  produce  machines  that  will 
best  serve  the  customer.  It  is  my  opinion  that  the  European 
standards  are  not  those  which  will  best  serve  our  American 
customers.  It  is  also  my  opinion  that  the  American  standards 
will  serve  European  customers  better  than  the  present  European 
standards.  Therefore,  if  a  universal  standard  is  to  be  adopted, 
I  believe  that  standard  should  be  the  American  and  not  the 
European,  that  is,  the  machine  should  have  conservative  tempera- 
ture ratings  at  full  load,  moderate  overload  capacities,  yith  safe 
temperature  ratings. and  high  maximum  torques  for  the  peak 
load  conditions  which  almost  every  machine  must  take  care  of 
occasionally. 

In  the  paper  by  Messrs.  Merrill,  Powell  and  Robbins  the  ulti- 
mate temperature  is  stated  at  90  deg.  In  the  paper  by  Messrs. 
Lamme  and  Steinmetz  this  is  defined  as  being  temperature 
measured  either  by  thermometer  or  resistance,  and  it  is 
recognized  that  the  hot  spot  temperature  may  be  10  deg.  higher, 
making  the  maximum  temperature  of  the  machine  100  to  105 
deg.,  which  by  reference  to  the  curves  is  above  the  charring  point 
of  fibrous  insulation.  Hence  the  machines  are  rated  above  the 
point  of  rapid  deterioration,  or,  as  stated  by  Prof.  Crocker  in 
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his  discussion,  they  are  rated  above  what  corresponds  to  elastic 
limit  and  the  breaking  down  point  is  only  50  per  cent  higher. 
I  am  strongly  opposed  to  the  new  standard,  or  reduction  of 
standard,  for  the  following  reasons:  It  woiild  result  in  the 
purchaser  receiving  a  smaller,  lighter,  and  less  powerful  machine 
than  before,  with  the  sanction  of  the  Institute. 

Since  these  papers  were  issued  I  made  tests  on  certain  stand- 
ard motors,  both  alternating-current  and  direct-current,  which 
show  that  they  could  be  increased  in  their  rating  from  15  per  cent 
to  25  per  cent  and  still  meet  the  proposed  new  standards.  Elec- 
trical apparatus  is  none  too  good,  with  a  tendency  to  over-work 
it,  and  for  many  years  an  active  effort  has  been  made  to  raise 
standards,  to  fix  them  so  that  when  the  layman  buys  a  100-h.p. 
machine  he  gets  a  large  and  heavy  one.  The  proposed  change 
would  result  in  his  receiving  a  smaller  and  lighter  machine. 

Schuyler  Skaats  Wheeler:  My  interest  in  keeping  up,  or  if 
possible,  raising  the  standards  for  apparatus  in  this  country  is 
so  great  that  I  am  impelled  to  say  a  word  or  two  about  one  of  the 
subjects  before  the  meeting  today. 

I  am  an  enthusiast  about  standards,  and  about  the  work  of  our 
Standards  Committee.  I  think  it  is  simpler,  and  therefore 
right,  to  use  a  single  rating  for  motors  and  generators,  provided 
this  is  done  under  proper  conditions.  But  as  I  see  it,  the 
particular  method  of  applying  the  single  rating  which  has  been 
proposed,  incidentally  has  the  effect  of  lowering  the  standard; 
this  I  am  very  much  opposed  to.  Electrical  apparatus  needs 
plenty  of  margin  or  the  adherence  to  a  high  standard;  it  is  deli- 
cate and  liable,  unlike  almost  every  other  kind  of  apparatus,  to 
approach  the  breaking  point  without  the  fact  being  visible  to 
the  user.  The  fifst  thing  he  knows  it  is  gone.  For  that  reason 
alone,  if  for  no  other,  it  is  desirable  that  it  should  have  plenty 
of  margin. 

We  are  in  the  habit  of  producing  electrical  machinery  in  this 
country  which,  besides  the  power  that  it  is  said  to  be  able  to  give, 
continuously,  can  give  a  much  greater  power  for  a  short  time. 
Therefore,  its  real  capacity  is  a  little  greater  than  is  represented 
to  the  customer.  I  think  this  reserve,  or,  as  Prof.  Crocker  has  said, 
factor  of  safety,  should  be  preserved.  I  think  it  is  very  import- 
ant to  keep  up  the  margins  or  factors  of  safety.  I  have  been 
writing  and  talking  on  this  subject  for  25  years.  My  strong 
feeling  on  this  subject  really  has  nothing  to  do  with  the  question 
of  single  rating  by  itself.  I  think  it  is  perhaps  a  good  idea  to 
have  a  single  rating,  but  let  us  provide  a  lower  temperature  for 
that  single  rating,  as  Prof.  Crocker  has  suggested,  so  that  the 
machine  under  the  single  rating  for  a  given  power  has  to  be  just 
as  large  as  the  machine  furnished  at  the  present  time.  This 
will  entirely  meet  the  objection  that  I  have  arisen  to  speak  about. 
I  do  not  think  we  should  in  America  make  a  smaller  machine 
for  a  given  power  than  we  now  do  because  the  foreigners  do.  I 
think  as  Mr.  Smith  said,  it  would  be  better  to  try  to  induce  the 
foreigners  to  come  up  to  our  standard. 
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I  feel  that  this  single  standard  will  probably  be  put  through, 
in  any  event,  and,  I  do  not  think  it  worth  while  to  make  any 
great  effort  to  stop  it,  as  I  think  that  would  be  useless.  But  I 
do  want  to  go  on  record  as  to  what  my  feeling  is,  so  that  later  on 
I  can  call  the  attention  of  my  friends  to  my  position. 

Philip  Torchio  (by  letter) :  The  main  criticism  of  the  two 
Sub-committees'  reports  is  that  the  classifications  by  class  A  and 
class  B  insulation  with  their  subdivision  in  class  A-1,  A-2,  A-3, 
B-1,  B-2  and  B-3  is  in  my  opinion  too  indefinite  for  every-day 
interpretation  by  the  average  user  of  apparatus. 

The  second  criticism  is  that  the  service  ratings  recommended 
by  the  Committee  are  impractical  for  a  great  class  of  users  of 
electrical  machinery,  like  the  central  stations.  I  think  that  in 
this  respect  the  Committee  has  taken  too  narrow  a  point  of  view 
of  the  practical  service  requirements  in  making  the  service  rat- 
ings. To  recommend  that  "  electrical  apparatus  be  rated  upon 
a  basis  of  ultimate  temperature  and  that  no  overloads  be  specified 
except  momentary  overloads  not  exceeding  sixty  seconds " 
is  absolutely  impractical  for  a  class  of  apparatus,  like  substation 
transformers,  transformers  on  network,  synchronous,  converters, 
motor-generator  sets,  etc. 

The  systems  of  generation  and  distribution  have  up  to  the 
present  been  generally  laid  out  on  the  basis  of  providing 
apparatus  sufficient  to  carry  the  normal  load  with  some  overload 
capacity  to  take  care  of  any  occasional  btim-out  of  a  machine 
on  the  same  bus  or  in  immediate  proximity  on  the  distribucing 
network. 

All  of  this  class  of  apparatus  must  have  a  liberal  overload  ca- 
pacity for  more  than  sixty  seconds  and  at  least  one  or  two  hours. 

On  the  other  hand,  the  apparatus  that  is  limited  in  maximum 
output,  like  turbines,  can  be  rated  for  a  maximtun  temperature 
without  overload  capacity  as  recommended  by  the  Committee. 
I  think  that  this  rating  is  a  logical  one  because  the  apparatus 
is  self-protected  against  excessive  overloads  and  can  therefore 
be  safely  rated  for  the  maximum  output. 

On  the  other  hand,  apparatus  that  is  not  so  inherently  pro- 
tected against  overloads  must  logically  be  rated  on  a  more  con- 
servative basis.  To  make  a  constructive  criticism  of  what  this 
basis  should  be,  I  would  recommend  that  the  Sub-committee 
on  ratings  be  asked  to  prepare  a  comparative  statement  giving 
the  corresponding  capacities  of  a  specific  line  of  apparatus, 
like  transformers,  converters,  motors,  etc.,  giving  the  corre- 
sponding values  of  apparatus  rated  as  at  present  with  35 
deg.  rise  and  50  per  cent  overload  for  two  or  three  hours,  and 
the  corresponding  values  of  some  apparatus  on  the  new 
rating.  By  having  this  tabulated  comparison  one  can  then  have 
a  clear  idea  of  what  the  recommendations  of  the  Committee 
mean  and  so  arrive  at  definite  conclusions. 

I  am  sorry  that  without  this  comparison  between  the  present 
ratings  and  the  recommended  rating  I  cannot  make  an  intelligent 
criticism  of  the!new  basis  of  standardization. 
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I  would  also  recommend  that  additional  information  be  sub- 
mitted by  the  sub-committee  on  the  Revision  of  Rules,  giving  the 
effect  of  vibration,  moisture,  etc.  upon  insulation  as  its  reliability 
is  not  only  dependent  upon  temperature  but  upon  these  other 
causes  wWch  should  therefore  be  taken  into  consideration  in 
arriving  at  the  new  standards. 

Philip  Torchio:  I  sent  in  a  written  commtmication  in  which 
I  made  criticism  of  these  reports  stating  that  the  classifications 
of  insulation,  etc.,  are  complicated  and  indefinite  and  that  the 
angle  rating  without  overload  is  impractical  except  for  apparatus 
that  is  inherently  protected  against  overloads.  I  further  pointed 
out  that  to  make  a  constructive  criticism  of  these  reports  they 
should  be  supplemented  with  a  statement  of  how  these  recom- 
mendations compare  with  the  present  rating  of  machines. — In 
taking  the  above  position  in  the  matter  I  don't  want  it  to  be 
understood  that  I  am  opposed  to  the  single  rating,  as  I  do  favor 
it  where  it  is  practical.  In  fact  the  company  I  am  connected 
with  has  been  credited  as  having  originated  the  single  rating  for 
turbo-generators,  and  I  remember  that  in  1905  I  wrote  for  my 
employers  the  first  specifications  for  a  single  rating  on  turbines. 
This  rating  has  since  been  quite  generally  adopted.  In  this 
instance  the  single  rating  is  a  logic^  one  because  the  turbine  is 
limited  in  its  maximum  output,  and  also  its  efficiency  is  good  up 
to  full  output.  When  it  comes,  however,  to  transformers, 
synchronous  converters,  motor-generator  sets,  motors,  etc.,  the 
same  limitation  does  not  hold  true.  For  brevity  I  will  not 
reiterate  what  has  been  said  by  previous  speakers  on  this  point. 
You  might  say  that  the  user  can  easily  adjust  himself  to  the 
new  conditions  by  ordering  large  machines  where  overloads  are 
required.  However,  I  think  that  this  would  lead  us  into  con- 
siderable misunderstandings  and  troubles.  The  present 
machines  which  have  been  built  on  specifications  considerably 
more  conservative  than  the  present  ratings  of  the  A.  I.  E.  E. 
have  given  and  are  giving  considerable  trouble.  These  troubles 
have  been  caused  entirely  by  overheating  in  localized  spots. 
There  might  have  been  a  band  that  was  put  on  to  hold  the  wind- 
ings of  the  armature  which  interfered  with  the  proper  ventilation, 
or  there  might  have  been  faults  of  insulation,  or  the  effect  of 
moisture,  dirt  or  vibration,  or  many  other  causes,  but  the  fact 
stands  out  that  machines  running  at  probably  70  per  cent  of  the 
proposed  rating  are  giving  trouble  now. 

We  must  give  good  service  to  users  of  electrical  apparatus. 
It  is  to  the  interest  of  the  entire  electrical  industry  to  do  so.  The 
central  station,  the  manufacturer,  the  consulting  engineer  and 
everybody  concerned  with  electricity  is  interested  in  giving  good 
service. 

I  assume,  as  do  some  of  the  previous  speakers,  that  the  new 
specifications  would  make  the  machines  smaller  and  not  as 
liberal  in  design  as  the  present  rating.  One  of  the  previous 
^Pe^^kers  stated  the  contrary.     If  such  is  the  case  my  argument 
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falls,  but  if  machines  are  going  to  be  smaller  than  they  are  now, 
I  don't  think  we  are  justified  in  making  such  a  departure.  I 
recognize  that  the  manufacturers  have  to  meet  competition  in 
their  export  trade,  but  that  is  not  for  us  to  discuss.  I  would 
emphasize  the  necessity  of  consulting  with  the  users  and  the 
central  stations  by  submitting  the  problem  to  them  in  a  more 
emphatic  way  than  it  has  been  done;  perhaps  by  a  circular  letter 
asking  their  views  and  criticism.  This  matter  should  partic- 
ularly be  submitted  to  organizations  like  the  National  Electric 
Light  Association,  the  Association  of  Edison  Illuminating  Com- 
panies and  the  Street  Railway  Association,  forwarding  to  these 
bodies  the  Committee*s  reports  supplemented  by  the  additional 
information  which  I  previously  suggested,  that  is,  giving  a  com- 
parison in  parallel  columns  the  equivalent  ratings  of  machines 
rated  under  the  present  standards  and  the  proposed  standards. 

M.  G.  Lloyd:  A  fundamental  question  in  discussing  ratings 
is  as  to  just  what  the  word  "  rating  *'  is  taken  to  mean  and  what 
distinction  is  to  be  made  between  "  rating  "  and  "  capacity." 
The  capacity  of  a  machine  is  limited  by  its  ultimate  temperature 
and  this  depends  upon  a  number  of  conditions,  such  as 
room  temperature,  power  factor  (when  this  is  determined  by 
the  load),  wave  form  (when  this  is  determined  outside  of  the 
apparatus  itself,  as  in  the  transformer),  etc.  It  has  been  pointed 
out  by  the  Committee  that  ratings  should  be  based  on  the  ulti- 
mate temperature  as  the  limiting  condition  in  the  case  of  most 
electrical  machinery,  but  just  what  distinction  should  be  made 
between  the  capacity  of  the  machine  under  working  conditions 
and  its  rating?  Capacity  is  a  variable  quantity  determined  by 
conditions.  Should  a  rating  also  be  variable,  or  should  it  be  a 
fixed  quantity  for  a  given  machine?  This  question  is  not  clear 
in  the  Committee  reports,  especially  in  report  No.  2.  There 
seem  to  be  several  references  to  a  determination  of  rating  by 
the  conditions  imder  which  the  apparatus  is  to  be  used,  and  not 
by  inherent  factors  of  design  and  construction. 

My  own  idea  is  that  rating  should  be  a  fixed  thing  for  a 
machine.  The  rating  should  be  expressed  for  a  definite  voltage 
and  definite  frequency  and  should  represent  the  load  which  may 
be  carried  under  given  limitations  and  certain  definite  condi- 
tions, and  this  quantity  will  not  necessarily  mean  the  capacity 
of  the  machine  under  any  working  conditions  but  only  under 
some  standard  condition.  For  instance,  a  temperature  rise  of 
50  degrees  seems  to  be  favored,  based  upon  a  room  temperature 
of  40  degrees.  Forty  degrees  is  higher  than  the  ordinary  working 
temperatures.  Nevertheless,  in  that  case  the  Committee  seems 
to  have  made  the  distinction  that  the  rating  shall  be  based  upon 
a  standard  condition  rather  than  the  working  condition.  Else- 
where in  the  report,  however,  this  distinction  is  not  clear,  as, 
for  instance,  in  the  case  of  power  factor.  Consider  an  alterna- 
ting-current generator  whose  capacity,  as  expressed  in  volt- 
amperes,  is  not  a  constant,  but  varies  slightly  with  the  power 
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factor,  due  to  the  fact  that  you  cannot  always  run  the  excitation 
up  to  the  necessary  point  to  get  the  same  amperes  from  the 
machine  that  can  be  taken  at  high  power  factor.  Should  a 
machine  of  that  kind  be  rated  in  terms  of  conditions  under  which 
it  is  to  be  used,  or  should  it  be  rated  in  terms  of  a  standard  power 
factor?  As  to  most  of  these  points,  like  temperature  and  wave 
form,  the  implied  meaning  in  the  reports  is  to  base  the  rating  on 
standard  conditions,  but  with  regard  to  other  features,  like 
\>ower  factor,  this  does  not  seem  to  be  the  case. 

Charles  P.  Steinmetz:  I  wish  to  state,  first,  that  there  is  still 
some  misapprehension  regarding  the  purpose  of  this  convention. 
The  sub-committees  have  endeavored  to  gather  all  the  informa- 
tion and  data  they  could  get  together,  but  these  are  necessarily 
incomplete,  and  the  convention  was  called,  therefore,  for  the 
purpose  of  eliciting  such  additional  data  and  information  as  may 
be  available,  and  more  particularly  to  reach  those  classes  of  engi- 
neers who  could  not  be  reached,  due  to  the  nature  of  things,  by 
the  members  of  the  committee,  and  to  obtain  their  ideas.  The 
class  of  engineers  referred  to  are,  more  particularly,  the  opera- 
ting engineers  and  the  consulting  engineers.  The  designing  engi- 
neers of  the  coimtry ,  are  grouped  together,  locally,  in  a  number  of 
centers,  and  therefore  can  be  reached  and  have  been  reached, 
but  the  operating  engineers  as  well  as  the  consulting  engineers 
are  scattered  all  over  the  country,  and  their  views  and  their 
experiences  are  just  as  important  as  those  of  the  designing  engi- 
neers, but  it  is  more  difficult  to  reach  them,  because,  as  a  rule, 
they  do  not  volunteer  information,  and  there  is  no  place  where 
you  can  go  and  roimd  up,  to  use  that  expression,  a  very  large 
number  of  them,  and  therefore  we  anticipated  by  such  a  conven- 
tion as  this,  by  bringing  the  matter  up  for  final  discussion  in  the 
Institute,  we  would  be  able,  at  least  to  get  a  considerable  number 
of  operating  and  consulting  engineers  to  give  their  views. 

In  regard  to  the  question  of  temperature  as  the  basis  for 
rating,  there  are  two  misapprehensions.  The  first  is  to  mistake 
single  rating  for  maximum  output  rating.  The  single  rating 
proposed  is  not  necessarily  maximum  output  rating,  and,  second- 
ly, the  single  rating  as  proposed,  is  not  necessarily  a  higher  rating 
than  the  rating  which  was  previously  specified  with  our  old 
capacity,  but  may  be  higher  or  lower,  depending  on  conditions 
of  apparatus.  Now,  what  is  the  purpose  of  rating?  An  ideal 
specification  is  to  say  the  apparatus  shall  o])eratc  for  a  long  term 
of  years  without  self-destruction.  That  is  the  ideal  specifica- 
tion. In  practise,  however,  certain  reference  conditions,  must 
be  definitely  stipulated.  The  room  temperature  must  be  limited 
^  a  certain  maximum,  perhaps  40  dcg.  and  the  maximum  insula- 
tion temperature  must  be  limited  to  a  definite  value,  100  deg., 
or  150  deg.,  respectively,  according  to  the  class  of  insulation 
^ployed.  Then  the  specification  of  the  apparatus  is  that  that 
^Pparatus  should  run  indefinitely,  and  should  give  a  good  life, 
for  any  room  temperature  up  to  40  dcg,,  under  any  conditions  oi 
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operation  where  the  maximum  insulation  temperature  does  not 
exceed  100  deg.  cent.  Now,  you  see  that  these  two  limitations 
immediately  give  you  a  defmite  power  value.  It  is  a  definite 
value  of  output,  which  gives  a  maximum  of  100  deg.  cent  rise 
in  temperature  at  a  maximum  of  40  deg.  temperature  in  room. 
Under  any  other  condition  you  can  take  more  power  out  of  the 
apparatus  or  less  power.  What  we  propose  then  is,  as  single 
rating,  to  give  the  rating  which  the  apparatus  would  have  and  the 
maximum  output  which  it  can  carry  at  a  room  temperature  not 
to  exceed  40  deg.,  and  with  an  insulation  temperature  not  rising 
above  100  deg. 

Now  then,  if  you  operate  that  apparatus  at  a  lower  room  temp- 
erature than  40  deg.  you  can  get  a  larger  output.  If  you  operate 
the  apparatus  for  a  short  time  only  at  40  deg.  room  temperature, 
you  can  get  a  larger  output,  for  time  and  temperature  in  insula- 
tion, as  in  many  other  things,  are  interchangeable. — It  is  not 
true  without  further  qualification,  to  state  that  cellulose  fibre 
carbonizes  at  100  deg.  cent.,  or  120  deg.  cent.  The  carbonization 
temperature  of  self-destruction  is  a  function  of  time,  and  the 
shorter  time  allows  higher  temperature.  Now  you  will  under- 
stand that  what  the  present  proposed  single  rating  means  is  this; 
it  gives  a  maximtun  of  output  which  the  apparatus  can  carry 
continuously  at  any  room  temperature  up  to  40  deg. 

Let  us  compare  that  with  the  previous  specification  of  the  rat- 
ing and  overload  margin.  Under  that  specification  you  were  no 
better  off ;  the  intended  margin  was  not  sufficiently  definite.  When 
bujring  a  machine  at  the  old  rating,  t.«.,  at  a  certain  rating  with 
a  certain  overload  guarantee,  you  knew  much  less  what  you  could 
get  from  the  machine  than  you  will  under  the  single  rating.  It 
has  been  said  that  the  machine  should  have  a  safe  margin  of  25 
per  cent  in  output.  That  means,  that  if  you  know  the  machine 
must  carry  a  certain  load,  you  will  buy  a  machine  rated,  at  that 
load.  On  the  old  basis  you  would  buy  a  machine  capable  of 
carrjring  a  25  per  cent  greater  load.  If  it  should  happen  that  the 
load  is  steady  and  you  never  have  any  overload,  you  merely  have 
thrown  away  25  per  cent  of  the  output  of  the  machine,  and  have 
spent  more  money  for  the  machine  than  was  necessary.  You  have 
bought  a  larger  machine  than  was  necessary.  If  it  should  hap- 
pen that  the  average  load,  equal  to  the  rated  load,  should  fluctu- 
ate up  or  down  10  per  cent,  then  you  still  have  an  unnecessary 
margin  of  15  per  cent.  If  it  should  happen  that  your  load  varies 
50  or  100  per  cent,  it  means  that  your  margin  of  25  per  cent  is 
worthless  and  your  machine  will  bum  out.  The  margin  means 
nothing,  and  you  cannoc  say  that  you  will  buy  a  machine  for 
that  rated  load  and  that  it  will  be  safe.  What  you  must  do 
when  using  the  old  rating  is  to  say  that  the  machine  has  a  certain 
rating  and  has  25  per  cent  overload  capacity.  The  maximum 
output  required  of  it  is  a  certain  known  value.  The  maximum 
output  the  machine  can  carry,  is  25  per  cent  overload,  and  this 
is  what  you  require  the  machine  to  carry.     From  this  you  must 
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deduct  25  per  cent  in  order  to  arrive  at  the  normal  rating  of  the 
machine  which  you  require  for  your  purpose.     You  can  simplify 
things  by  leaving  out  that  25  per  cent  overload,  which  is  not 
overload,  and  merely  say  the  maximum  output  of  the  machine 
is  so  much,  or  your  maximum  load  is  so  much,  and  therefore, 
you  buy  a  machine  rated  at  whatever  you  have  to  carry.     You 
see  that  there  is  no  difference  in  the  one  way  of  rating  or  the 
other  one,  with  the  exception  that  in  the  old  way  the  Institute 
established  25  per  cent  overload  as  the  average  satisfactory  mar- 
gin. But  wherever  you  do  not  need  the  margin  you  get  too  large 
a  machine.  Where  you  need  a  larger  margin,  as  in  the  machines  to 
which  Mr.  Torchio  referred,  the  machines  complained  of,  you  biuti 
out  the  machines,    and  the   Institute  rules   are  of  no  value. 
The  new  proposition  is  to  throw  on  the  customer  the  burden  of 
determining  the  appropriate  overload  capacity  to  be  provided 
in  each  case.     At  the  present  time  the  industry  is  far  enough 
advanced  for  the  operating  engineer  to  know  enough   to  select 
his  own  margin,  to  know  that  he  must  allow  no  margin  in  such 
a  case  as  the  steam  turbine  driven  alternator,  and  that  he  must 
allow  50  per  cent  or  100  per  cent  margin  or  even  more,  in  such 
cases  as  synchronous  motors  operating  in  substations.     By  the 
new  method  the  purchaser  can  get  a  machine  to  suit  the  conditions 
of  each  case.      This  was  not  the  case  where  we  had  a  rating  and 
allowed  a  standard  uniform  overload. 

We  propose  to  bring  up  here  for  discussion  the  proposition  to 
go  a  step  further  than  heretofore  and  merely  give  a  single  rating, 
and  then  say  that  from  this  single  rating  you  have  to  subtract 
whatever  margin  your  particular  requirement  may  need,  to 
arrive  at  the  size  of  the  machine  adapted  to  the  diversified  con- 
ditions of  the  industry. 

Henry  G.  Reist:  I  want  to  point  out  that  probably  we  have 
become  accustomed  to  rating  machinery  with  large  overloads, 
due  to  the  long  experience  with  the  steam  engine.  A  reciproca- 
ting steam  engine  always  had  large  overload  capacity.  On  the 
other  hand,  the  gas  engine,  and  the  water  wheel,  and  now  the 
steam  turbine,  are  rated  practically  at  the  maximtmi  load. 
There  is  a  reason  for  this.  The  steam  engine  works  with  the 
greatest  economy  at  about  the  point  at  which  it  is  rated.  The 
overload  capacity  is  not  put  there  for  possible  overloads  which 
njight  come  on  unexpectedly,  but  it  is  rated  at  the  point  where  it 
gives  the  highest  efficiency.  The  same  holds  true  with  the 
^aterwheel,  the  gas  engine  and  the  steam  turbine,  they  rate 
them  at  the  points  where  they  give  approximately  the  best 
^fficiency.  We  should  rate  electric  motors  so  that  they  will 
nave  the  best  average  efficiency.  At  the  present  time  many 
^l^tric  motors  are  shamefully  underloaded.  Running  them  at 
an  underload  means  that  the  customer  pays  more  for  his  motor 
than  he  should  pay,  he  has  lower  average  efficiency,  and  with  an 
induction  motor  lower  power  factor,  which  means  a  more  expen- 
^ve  transmission  line,  greater  losses  on  the  line,  and  bigger  ma- 
^es  on  the  other  end.    We  had  a  definition  given  us  this  morn- 
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ing  of  what  an  engineer  ought  to  be,  or  ought  to  do,  and  I  might 
point  out  that  one  of  the  duties  of  an  engineer  is  to  get  the  most 
use  out  of  a  given  amount  of  material  and  expense. 

The  reason,  probably,  why  motors  are  used  tmderloaded  is 
because  the  customer  hesitates  to  put  a  greater  load  on  them  than 
is  designated  on  the  name-plate.  If  his  work  requires  40  h.p. 
he  will  probably  say,  "  I  will  make  it  safe,  and  get  a  60-h.p. 
motor,'*  and  he  will  nm  it  all  the  rest  of  his  life  at  40  h.p.,  and 
probably  under  that,  and  consequently  he  has  poor  efficiency 
and  all  the  things  I  have  just  pointed  out. 

I  was  very  much  interested  in  the  proposed  ratings  for  motors, 
that  is,  continuous  and  various  intermittent  ratings.  It  occtirs 
to  me  that  the  schedule  proposed  is  rather  complicated,  and  I 
like  much  better  the  one  that,  as  suggested,  has  been  adopted 
by  the  German  engineers,  simply  giving  the  rating,  based  on  a 
run  of  a  certain  length  of  time;  that  is,  it  might  be  10  min.  and 
30,  60,  90,  as  has  been  adopted  by  the  German  societies,  or  it 
might  be  some  uniform  increase,  which  I  would  like  a  little 
better,  such  as,  for  instance,  10,  20,  30,  40,  and  double  that,  or 
equal  values  geometrically,  between  the  length  of  time  under 
which  they  are  operated.  From  each  of  these  ratings  the  consult- 
ing engineer  can  select  the  one  that  is  most  suited  for  his  work, 
after  he  has  definitely  determined,  as  nearly  as  possible,  what  the 
work  to  be  done  is.  It  also  seems  to  me  then  instead  of  giving 
them  arbitrary  letters  and  numbers  as  A  1  and  A  2,  and  B  1  and 
B  2,  they  might  simply  use  the  length  of  time  that  the  motor 
runs  at  its  rated  load  as  the  name  by  which  to  know  this  partic- 
ular rating.  That  would  somewhat  simplify  the  nomenclature, 
I  think. 

I  just  want  to  say  one  other  word  about  the  first  paper,  regard- 
ing the  recommendation  that  we  consider  ultimate  temperatures 
rather  than  rises.  I  must  confess  I  am  a  little  stupid  on  that 
point  and  do  not  quite  see  the  difference,  because  it  seems  to  me 
that,  if  we  use  an  ultimate  temperature,  we  must  take  some  room 
temperature  as  a  standard,  and  it  is  suggested  that  this  be  40 
deg.,  with  which  I  entirely  agree,  and  that  the  rise  on  top  of  that, 
which  is  recommended,  is  50  deg.,  I  believe,  which,  after  all 
is  a  rise  of  50  deg.  I  agree  with  Dr.  Wheeler  and  several  other 
gentlemen  who  have  argued  for  conservatism.  I  question  the 
advantage  of  going  to  too  high  temperatures  in  most  cases. 
There  are  exceptions,  such  as  in  the  case  of  the  railway  motor, 
and  probably  in  a  good  many  other  cases,  but  when  it  is  not 
necessary,  let  us  keep  to  low  temperatures.  The  difference  in 
cost  of  construction  between  the  two  machines  is  comparatively 
slight,  whether  we  keep  a  little  lower  temperature  or  go  to  higher 
temperatures;  and  then,  if  you  use  mica  or  other  material  for 
external  insulation,  there  is  always  the  insulation  between  tiuns 
which  becomes  particularly  difficult  with  the  smaller  apparatus, 
where  it  is  difficult  to  put  mica  around  each  small  wire  of  which 
the  coil  is  composed.     If  the  coil  consists  of  a  few  conductors 
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they  may  be  taken  care  of,  but  when  you  have  twenty  to  thirty, 
as  we  have  in  many  cases,  it  becomes  very  difficult,  and  to  me 
the  only  solution  at  the  present  time  is  to  keep  the  temperature 
down.  Some  time  we  shall  probably  find  insulations  that  will 
stand  higher  temperatures,  but  I  do  not  feci  that  we  have  them 
for  general  use  at  the  present  time. 

B.  G.  Lamme:     I  shall  not  tmdertake  to  discuss  the  arguments 
brought  forward,  but  I  wish  to  bring  out  more  fully  some  points 
which  seem  to  be  very  much  misunderstood.     There  seems  to  be, 
in  general,  a  wrong  impression  about  the  limiting  temperatures 
which  have  been  proposed,  as  some  of  the  members  appear  to 
think  that  we  are  advocating  raising  the  present  temperature 
limits.     On  the  contrary,  we  are  proposing  to  cut  them  down. 
It  is  apparently  believed  that  in  adopting  a  temperature  rise  of 
50  deg.  cent,  that  we  are  insisting  that  apparatus  be  built  for 
that  temperature.     However,  what  we  actually  said  was  that 
the  temperature  rise  shall  not  exceed  50  deg.  measured  either  by 
thermometer  or  resistance,  whichever  gives  the  higher  result.     We 
can  keep  as  far  below  50  as  we  please,  depending  upon  what 
margin  we  wish  to  allow.     We  simply  say  that  50  deg.  cent,  rise 
shall  not  be  exceeded,  and  that  with  the  limiting  air  temperature 
of  40  deg.  cent,  the  ultimate  temperature  of  100  deg.  cent,  in  the 
hottest  part  shall  not  be  exceeded.     It  should  be  understood, 
however,  although  it  is  not  brought  out  sufficiently  clearly  in  the 
committee  papers,   that  the    10  deg.   difference  between  the 
meastureable  temperature  and  the  actual  hottest  part  should 
apply  only  to  ordinary  low- voltage   insulations,  such  as  2200 
volts  and  less.     For  relatively  high  voltages,  with  correspond- 
ingly thick  insulations,  a  greater  difference  than  10  deg.  cent, 
must  be  allowed  between  these  temperatures. 

In  the  present  Institute  rules,  50  deg.  cent,  rise  by  resistance 
is  allowed,  and  on  top  of  this,  an  overload  of  15  deg.  higher  is 
allowed,  giving  a  total  permissible  rise  by  resistance  of  65  deg. 
cent.  We  claim  that  that  is  unsafe,  except  in  those  cases  where 
the  cooling  air  temperature  is  not  over  25  deg.  cent.,  for 
65  deg.  +  25 +10  deg.  internal  drop  =  100  deg.  ultimate, 
which  is  the  limit  of  safety.  But  taking  air  temperatures 
of  40  deg.  cent.,  then  65  deg.  +  40  deg.  +  10  deg  =  115 
deg.  ultimate,  which  we  contend  is  unsafe.  Therefore,  we  pro- 
pose to  cut  out  any  conditions  of  the  load  which  will  put  the  ulti- 
mate temperature  above  100  deg.  cent.  However,  it  must  be 
understood  that  temperatures  above  100  deg.  cent,  simply 
shorten  the  life  of  the  apparatus,  and  do  not  mean  immediate 
destniction.  This  shortening  of  the  life,  in  most  cases,  does  not 
show  up  during  the  overload  condition,  as  this  usually  represents 
out  a  small  portion  of  the  total  operating  period.  The  carboniza- 
tion of  the  insulation,  however,  usually  occurs  on  the  peak  load, 
^d  not  tmder  the  normal  operation.  We  therefore  propose  to 
^t  out  those  conditions  of  temperature  which  are  liable  to  have  a 
"^terial  effect  in  shortening  the  life  of  the  apparatus. 
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It  has  been  mentioned  several  times  that  it  is  a  maximum  rat- 
ing that  we  are  proposing,  and  it  is  claimed  that  the  proposed 
single  rating  and  maximum  rating  are  the  same  thing.  However, 
it  is  not  our  intention  to  adopt  a  true  maximum  rating.  I  can 
possibly  illustrate  the  difference  by  an  example: 

Assiune  a  cooling  air  temperature  of  40  deg.  cent,  and  a  rise  on 
top  of  that  of  50  deg.  cent,  and  an  internal  temperature  differ- 
ence of  10  deg.,  giving  100  deg.  ultimate.  That  fixes  the  limit- 
ing rating  possible  without  exceeding  the  ultimate  limit.  This 
we  call  the  single  rating.  But  with  cooling  air  at  zero,  with  this 
single  rating  we  still  retain  the  50  deg.  rise,  so  that  the  ultimate 
temperatures  becomes  60  deg.,  and  not  100  deg.  However,  under 
this  same  condition,  the  machine  could  have  a  maximum  rating 
corresponding  to  90  deg. •cent,  rise  instead  of  50  deg.,  or  the  maxi- 
mum rating,  with  air  at  zero,  would  be  80  per  cent  greater  than 
the  single  rating  which  we  are  proposing.  A  machine  could  have 
all  kinds  of  maximum  ratings,  depending  upon  the  air  conditions, 
whereas,  they  can  have  only  one  single  rating,  which  is  fixed  in 
value  by  the  conditions  of  air  at  40  deg.  cent.  It  seems  to  me 
that  this  confusion  of  the  proposed  single  rating  with  maximum 
rating  is  back  of  much  of  the  misimderstanding  of  the  subject 
which  has  been  expressed  here  this  morning. 

As  the  present  Institute  rules  allow  50  deg.  cent,  rise  under 
normal  conditions,  with  15  deg.  higher  temperature  for  overloads, 
and  as  the  new  method  proposes  50  deg.  rise  as  the  highest  permis- 
sible, it  is  obvious  that,  in  fact,  the  machine,  under  this  new 
method  of  rating  could  actually  carry  as  much  overload  as  under 
the  old  method,  the  only  difference  being  that,  under  the  new 
method,  we  recognize  the  danger  in  this  overload,  and  call  at- 
tention to  it,  and  recommend  against  it,  while  in  the  old  method, 
we  went  ahead  and  blindly  guaranteed  it.  The  new  rules  indi- 
cate a  definite  danger  point,  while  the  old  rules  did  not.  That 
is  the  principal  difference  between  them. 

Alexander  Gray:  In  regard  to  the  two  papers  presented  this 
morning,  there  are  several  points  about  which  I  do  not  agree 
with  the  writers. 

Much  attention  has  been  paid  to  the  apparent  fact  that  the  limit 
of  a  machine  is  the  temperature  rise  of  the  insulation.  This  may 
not  always  be  the  case,  because  the  ordinary  iron  which  we  use  is 
not  non-aging  iron.  There  is  non-aging  iron  on  the  market, 
iron  in  which  the  losses  are  small  and  do  not  increase  with  time, 
but  that  iron  at  present  is  rarely  used  for  revolving  machinery, 
because  it  is  found  that  the  losses  are  not  reduced  as  much  as 
would  be  expected,  and  also  that  such  iron  is  liable  to  crack  when 
subjected  to  long-continued  vibration;  it  is  well  known  that  the 
long  teeth  of  induction  motors,  when  made  with  this  iron,  some- 
times break  off  and  damage  the  windings. 

Regarding  the  temperature  limit  of  90  deg.  which  is  suggested 
for  class  A  insulation,  I  consider  it  to  be  too  high.  Present 
practise  calls  for  a  temperature  rise  of  35  deg.  cent,  on  full  load, 


19131  DISCUSSION  AT  NEW  YORK  128 

and  50  deg.  cent,  on  25  per  cent  overload,  for  two  hours.     Now, 

it  is  well  known  that  25  per  cent  overload  at  two  hours  on  the 

top  of  a  full  load  run  is  equivalent  to  25  per  cent  overload 

continuously;   that  is  to  say,   our  present  motors  will  carry 

25  per  cent  overload  continuously,  with  50  deg.  cent,  rise,  and 

will  not  deteriorate  rapidly,  but  few  designers  would  care  to 

guarantee  50  deg.  cent,  rise,  measured  by  conventional  methods, 

when  the  motor  is  known  to  operate  in  a  room  with  an  air 

temperature  of  40  deg.  cent.   I  should  suggest  that,  with  class  A 

insulation,  the  upper  limit,  measured  by  conventional  methods, 

should  be  put  at  80  deg.  instead  of  90  deg.  cent. 

In  discussing  the  second  paper,  the  first  point  I  would  draw  at- 
tention to  is  that  all  alternators  should  be  rated  in  kv-a.  and  not  in 
kw.,  even  although  the  power  factor  be  100  per  cent.  There  is  a 
great  deal  of  misimderstanding  on  this  point  at  present.  The  In- 
stitute rules  which  we  now  have,  state  that  a  machine  of  100  kw. 
output  and  80  per  cent  power  factor  is  a  100-kv-a.  machine,  where- 
as in  practise  such  a  machine  would  have  a  rating  of  100  kw.,  but 
would  have  a  kv-a.  rating  of  125.  This  point  should  be  em- 
phasized and  made  very  clear  in  the  new  rules. 

With  regard  to  the  rating  of  machines,  we  have,  at  present, 
continuous  ratings,  intermittent  ratings,  and  short  time  ratings. 
Our  Sub-committee  on  Rating  suggests  that  this  classification 
has  not  been  carried  out  in  sufficient  detail,  and  now  proposes 
to  divide  machines  into  two  main  classes,  and  six  subdivisions  in 
all.  The  large  bulk  of  electrical  apparatus  is  built  for  continu- 
ous duty,  it  being  remembered  that  most  machines,  and 
particularly  the  copper  in  the  machines,  reach  their  final  tempera- 
ture in  about  two  hours.  That  being  the  case,  we  have  a  com- 
paratively small  number  of  machines  which  are  operating  for  less 
than  two  hours  continuously,  and  these,  it  is  proposed,  shall  be 
subdivided  into  five  sub-classes.  I  consider  that  this  matter 
has  been  carried  too  far  and  will  lead  to  endless  difficulty.  I 
have  asked  several  engineers  in  what  class  they  would  put  a 
railway  motor.  Many  of  them  said  under  the  heading  A  2, 
others,  again,  would  put  them  in  class  B  2.  We  can  think  of 
niany  other  cases  in  which  it  would  be  exceedingly  difficult  to 
put  the  motor  in  its  proper  class. 

In  considering  what  I  would  suggest  to  take  the  place  of  these 
five  classes,  I  looked  over  a  paper  published  in  the  Journal 
0^  the  Institution  of  Electrical  Engineers,  by  Dr.  Pohl,  and  he 
suggests  that  for  intermittent  ratings  an  intermittency  factor 
should  be  used:  an  intermittency  factor  of  \  means  that  out 
of  every  six  minutes  the  motor  would  be  operating  for  one  minute, 
^nd  would  be  stationary  for  five  minutes;  a  large  number  of 
applications,  such  as  crane  service,  have  perfectly  definite  inter- 
mittency factors.  Now,  a  50-h.p.  motor  with  an  intermittency 
factor  of  \  would  operate  at  50-h.p.  for  one  minute  out  of  every 
SJX  and  have  an  overload  torque  corresponding  to  a  50-h.p. 
°^Wne,  but  if  this  machine  be  rated  at  50  h.p.  for  half  an  hour. 
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or  at  100  h.p.  for  ten  minutes,  or  at  40  h.p.  continuously,  what 
connection  is  there  between  the  horse  power  rating  and  the  over- 
load capacity?  The  new  suggestions  are  far  from  clear  on  this 
point. 

With  regard  to  bearings,  considering  that  a  large  number  of 
electrical  machines,  motors  in  particular,  are  in  the  hands  of 
inexperienced  operators,  I  do  not  believe  it  advisable  for  the 
Institute  to  recommend  that  bearings  should  fall  into  the  general 
class  of  other  materials,  and  have  any  temperature  which  will 
permit  of  safe  and  successful  operation.  Just  as  we  specify 
temperatures  in  insulation,  because  the  material  gives  no  indi- 
cation as  to  when  it  is  going  to  break  down,  so  in  high-speed 
bearings,  where  there  is  no  indication  given  that  the  bearing  will 
seize,  it  is  advisable  in  the  interests  of  the  public,  who  in  the  case 
of  bearing  breakdowns,  will  be  charged  with  the  use  of  poor  oil, 
to  limit  the  temperature  of  the  oil  in  the  bearings  to  70  deg. 
cent.,  unless  otherwise  specified  in  some  binding  specification. 

It  must  be  remembered,  finally,  that  it  is  not  always  the  final 
temperature  which  limits  a  machine.  The  mechanical  parts  are 
built  to  suit  a  certain  temperature  rise,  and  if  machines  are 
designed  for  an  air  temperature  of  40  deg.  cent.,  then  they  will 
have  considerable  overload  capaaty  with  an  air  temperature 
of  25  deg.  cent.,  but  this  overload  capacity  is  not  available 
unless  the  mechanical  parts  are  sufficiently  strong. 

R.  F.  Schuchardt:  In  general  I  believe  in  a  single  rating, 
provided  it  is  the  continuous  rating,  and  represents  a  safe  margin. 
The  other  five  ratings  proposed  in  the  paper  of  Messrs. 
Merrill,  Powell  and  Robbins  are  undesirable  for  several  reasons. 
First,  we  would  have  a  number  of  different  ratings  for  the  identi- 
cal motor,  which  means  in  a  central  station  for  instance  we  would 
have  to  carry  a  large  storeroom  full  of  spares  where  otherwise  a 
few  would  do,  and  the  number  of  motors  to  be  carried  in  stock 
would  be  mvdtiplied  greatly.  The  continuous  ratings  should 
also  be  given  if  it  is  desired  to  have  any  of  these  special  ratings. 
Second,  the  proposed  ratings  would  complicate  rate-making, 
which  is  already  a  pretty  complicated  matter.  The  basis  gener- 
ally adopted  for  power  rates  contains  a  primary  charge  for  the 
maximum  demand.  In  motor  installations  the  primary  charge 
is  usually  based  on  the  rated  capacity  of  the  motors.  Now  you 
can  imagine  what  complications  would  be  introduced  in  rate 
making  by  such  a  multiplicity  of  special  motor  ratings. 

I  do  not  agree  with  a  preceding  speaker  regarding  the  use  of  the 
Institute  symbol  on  name-plates.  It  would  be  a  very  grave 
error  to  put  this  symbol  on  apparatus,  as  it  would  be  generally 
interpreted  as  putting  the  stamp  of  approval  of  the  A.  I.  E.  E. 
on  the  apparatus  which  bears  the  symbol. 

There  are  two  minor  points  which  should  be  changed.     In  the 

paper  by  Messrs.  Merrill,  Powell  and  Robbins  the  statement  is 

made:  **  Commutating  apparatus  should   commutate  not  less 

than  150  per  cent  of  the  rated  current ."     In  railway  machinery 

this  should  be  "  not  less  than  200  per  ceivt.'' 
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In  a  succeeding  paragraph  the  following  statement  is  made: 
**  All  types  of  rotating  machines  shotdd  be  so  constructed  that  they 
will  operate  with  safety  at  an  overspeed  of  25  per  cent  above  the 
maximum  rated  speed."  Synchronous  converters,  partictdarly, 
run  away  very  fast,  and  the  speed  may  increase  at  a  tremendous 
rate,  so  that  should  read  considerably  higher  than  25  per  cent 
for  the  safe  speed  limit. 

One  word  more,  on  the  much  discussed  point  of  ultimate 
temperature.  About  five  years  ago  we  had  an  experience  in  a 
large  central  station  in  the  West,  during  which  we  burned  up  a 
very  large  generator,  and  as  a  restdt  of  that  we  made  some 
detailed  investigations  of  the  safe  temperature  limits  for  the 
insulation  used  on  this  particular  class  of  apparatus.  After 
we  had  carefully  studied  all  of  the  test  results  we  finally  decided 
that  80  deg.  is  the  maximum  safe  point  below  the  knee  of  the 
heating  curve  which  should  be  allowed,  and  that  point  deter- 
mined by  means  of  an  exploring  coil  laid  along  side  of  the  arma- 
ture coils  in  the  machine. 

The  paper  of  Messrs.  Steinmetz  and  Lamme  recognized  the 
fact  that  there  may  be  hot  spots  as  much  as  10  deg.  higher  than 
the  measured  temperature.  We  also  assume  that  there  might 
be  hot  spots  even  above  this  exploring  coil  measurement  but  we 
do  not  feel  that  it  is  safe  to  work  on  so  close  a  margin  as  recom- 
mended in  these  papers. 

C.  E.  Skinner:  We  have  all  been  familiar  for  quite  a  while 
with  the  fact  that  the  life  of  insulating  material  is  a  function 
of  time,  temperature  and  the  mechanical  conditions  under 
which  it  is  used.  We  have  endeavored  for  a  long  time  to 
find  what  is  the  tdtimate  upper  temperature  to  which  different 
classes  of  insulating  material  can  be  operated  without  getting 
into  trouble.  The  German  standardization  of  80  deg.  for  cot- 
ton insulating  material  has  been  referred  to.  It  is  very  rare, 
at  this  time,  to  find  windings  of  electrical  apparatus  which  are 
not  treated  in  some  way  so  as  to  bring  them  into  the  90  deg.  class 
as  outlined  by  the  Standards  Committee. 

J.  M.  Smith:  There  is  one  point  which  is  not  at  all  clear  to 
me.  It  has  been  stated  this  morning  that  90  deg.  ultimate 
temperature  was  the  hottest  temperature  in  the  machine.  Mr. 
Lamme,  both  in  his  paper  and  his  statement  this  afternoon  rec- 
ognizes that  the  hottest  spot  in  a  machine  may  be  10  deg.  or 
15  deg.  higher  than  the  ultimate  temperature.  This  can  be 
seen  by  reference  to  his  paper.  The  difference  between  these 
two  points  of  ultimate  temperature  is  a  difference  of  10  deg.  in 
the  temperature  rise,  and  it  is  the  difference  of  between  15  per  cent 
and  25  per  cent  in  the  capacity  of  the  machine.  I  would  very 
much  like  to  have  this  important  point  cleared  up. 

B.  6.  Lamme:  I  wish  to  explain  one  little  point  wherein  there 
s^^s  to  be  some  misunderstanding.  It  has  been  stated  in  the 
P^Peron  "  Temperature  and  Insulation  ''  that  a  limit  of  100  deg. 
^  105  de^^,  was  alhwed  for  fibrous  insulations.     I  do  not  find 
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any  place  where  105  deg.  is  either  mentioned  or  indicated.  Ten 
deg.  to  15  deg.  is  mentioned  as  the  possible  internal  drop,  but  the 
15  deg.  is  tied  up  to  85  deg.  This  higher  internal  drop  referred 
simply  to  cases  where  there  was  heavier  insulation  than  in  the 
ordinary  moderate  voltage  machines.  It  was  not  brought  out 
plainly  enough  in  the  paper  that  with  very  high  voltage  machines 
the  internal  drops  shotdd  be  considerably  higher  than  indicated, 
possibly  20  deg.  to  25  deg.  Where  25  deg.  internal  drop  is 
liable  to  be  found,  then,  with  fibrous  insulations,  75  deg.  meas- 
urable temperature  would  be  the  limit,  and  not  90  deg.  It 
shotdd  always  be  borne  in  mind  that  where  the  tdtimate  tempera- 
ture limit  is  fixed,  the  internal  drop  must  be  subtracted  from  this 
to  give  the  measurable  temperature,  and  this  may  be  90  deg.  in 
some  cases,  while  in  other  cases  it  may  be  80  deg.,  or  even  75 
deg.  depending  upon  the  type  of  apparatus. 

James  Burke:  If  there  is  one  point  of  more  importance  than 
another  that  has  been  brought  out  in  these  papers,  I  think  it  is 
the  viewpoint  which  has  been  put  on  record  that  we  have  to 
recognize  hot  spots  rather  than  any  other  temperature  condi- 
tion. I  think  a  great  deal  of  the  discussion  has  been  brought 
about  due  to  the  difference  between  the  two  papers.  Accordliig 
to  one  paper,  we  can  rate  machines  higher,  according  to  the  other 
we  would  have  to  rate  them  lower.  So  if  we  are  discussing  the 
paper  of  Dr.  Steinmetz  and  Mr.  Lamme,  we  can  come  to  the 
conclusion  that  we  may  rate  machines  higher  than  the  present 
commercial  practise.  If  we  discuss  the  paper  by  Messrs.  Men  ill, 
Powell  and  Robbins,  we  are  in  the  class  of  conservatism  which 
has  been  advocated  by  so  many  speakers  here  and  previously. 

In  the  paper  by  Dr.  Steinmetz  and  Mr.  Lamme  they  call 
attention  to  the  fact  that  with  fibrous  insulation  100  deg.  shotdd 
be  the  maximum  temperature,  and  then  they  assume  10  deg. 
for  the  difference  between  the  maximum  hot  spot  and  the 
conventional  measured  temperature,  and  then  come  to  the  con- 
clusion, when  you  measure  temperatures  by  conventional 
methods,  quoting  their  words,  as  follows:  "  The  conventional 
methods  of  temperature  measurement,  as  by  resistance  and  by 
thermometer,  do  not  usually  give  the  maximum  temperature, 
but  give  either  the  average  or  the  outside  surface  values,  and, 
when  measuring  the  temperature  by  these  methods,  which  are 
the  only  ones  generally  applicable,  an  allowance  must  be  made  in 
windings  for  possible  local  higher  temperatures."  Now,  if  we 
consider  that  the  100  deg.  hot  spot  recognized  in  that  paper 
allows  10  deg.  for  some  temperature  gradient,  leaving  90  deg. 
ultimate  by  conventional  methods,  with  an  air  temperature  of 
40  deg.,  we  have  50  deg.  increase  by  conventional  methods. 
That  is  the  same  as  the  existing  rule  of  the  Institute  that  has 
been  in  force  for  several  years.  It  is  not,  however,  in  line  with 
what  the  commercial  practise  has  been.  The  commercial  prac- 
tise has  been  40  deg.  or  in  some  cases  45  deg.,  so  that  if  we  com- 
pare the  present  commercial  practise  of  40  deg.  with  this  pro- 
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posed  50  deg.,  we  can  rate  our  machines  up,  as  Mr.  Smith  pointed 
out,  from  15  to  25  per  cent.     I  have  made  some  similar  tests 
and  have  fotmd  about  the  same  conclusions.     This  comes  from 
raising  up  the  magnetic  densities  12  per  cent  and  the  copper 
densities  12  per  cent,  and  12  per  cent  increase  in  current  means 
approximately  25  per  cent  increase  in  copper  loss  and  25  per  cent 
Isigher  temperature,  making  a  difference  of  from  40  to  50  deg. 
On  that  basis,  if  it  is  interpreted  in  that  manner,  we  can  rate 
tnachines  up,  and  we  are  getting  away  from  the  direction  of 
conservatism;  but  if  we  take  the  other  paper,  by  Merrill,  Powell 
and  Robbins,  we  find  that  they  advocate  a  maximum  temperattu'e 
of  90  deg.     They  say  under  the  heading  of  "  Temperature  of 
Apparatus,"  as  to  ultimate  temperature,  the  following,   "  a. 
Cotton,  treated  cloth,  paper  and  similar  substances  which  may 
fall  in  this  general  classification,  a  maximum  ultimate  tempera- 
ture of  90  deg.  cent."     They  evidently  mean  the  hot  spot  temp- 
erature.    The  next  thing  is,  how  are  we  to  determine  that  hot 
spot  temperature.     They  do  not  say  how  it  is  to  be  determined, 
but  they  do  say,  **  Temperature  to  be  determined  by  approved 
method  as  may  be  specified  in  A.  I.  E.  E.  Rules."     Now,  then, 
the  whole  issue  regarding  temperature  comes  into  that  paragraph 
of  what  the  A.  I.  E.  E.  Rules  will  be  for  determining  the  tempera- 
ture.   If  the  Institute  Rules  adopt  a  method  that  really  gives  the 
hot  spot  temperature,  we  will  have  lower  conventional  method 
temperatures  than  heretofore  and  more  conservative. 

We  have  among  the  papers  to  be  presented  at  this  convention 
one  by  Mr.  R.  B.  Williamson,  who  shows  one  method  of  calcula- 
ting the  hot  spots  or  the  difference  between  the  temperature  of 
the  laminations  and  the  temperature  of  the  surface  of  the  coil, 
and  he  shows  two  tests,  one  his  own,  presumably  with  19. 5  deg. 
temperature  gradient  from  the  insulation,  and  quotes  the  test  of 
some  one  else  who  shows  20. 60  deg.  In  addition  to  that  temp- 
erature gradient,  there  is  another  one  from  the  outside  of  the 
coil  to  the  inside  of  the  coil,  that  is  especially  so  if  the  coil  is 
nude  up  with  round  wires,  with  cotton  insulation  and  air  space 
between.  So  that  with  this  temperature  gradient  assumed  at  5 
deg.  added  to  Williamson^s  20  deg.,  we  would  have  25  deg.  of 
temperature  to  start  with.  That  leaves  us  in  the  case  of  100  deg. 
ultimate  temperature,  75  deg.  measured  by  the  conventional 
methods,  and  deducting  40  deg.  leaves  35  deg.  increase. 

This  whole  question  of  whether  we  are  going  to  rate  machinery 
pp  or  rate  it  down  depends  entirely  on  what  the  Institute  adopts 
in  connection  with  this  clause,  "  Temperature  to  be  determined  by 
approved  method  as  may  be  specified  in  A.  I.  E.  E.  Rules."  If 
we  adopt  the  conventional  10  deg.  temperature  gradient,  we  are 
^'^ng  a  compromise.  If  we  adopt  a  method  of  tabulating  and 
calculating  it  for  different  thicknesses  of  insulating  wall  and 
Afferent  conditions,  we  are  getting  down  to  a  more  conservative 
^^ing.  Difference  of  opinion  seems  to  be  on  this  point,  and  I 
think  it  will  be  determined  one  way  or  the  other,  depending  on 
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how  these  temperatures  are  to  be  determined.  If  the  Institute 
adopts  consistent  rules  for  determining  that  temperature  gradient 
to  the  inner  part  of  the  coil,  the  recommendations  will  be  more 
conservative,  and  they  will  lead  to  the  adoption  of  lower  tempera- 
tures measured  by  conventional  methods.  I  think  if  these  few 
points  are  kept  in  mind  we  can  come  to  a  complete  understanding, 
and  find  that  every  one  is  in  accord  on  this  subject  of  tempera- 
ture. I  think  the  sentiment  of  everybody  is  in  the  direction  of 
more  conservatism. 

Charles  P.  Steinmetz:  I  wish  to  say  that  in  both  papers,  in 
referring  to  the  90  deg.  ultimate  temperature,  it  is  understood 
to  refer  to  the  temperature  measured  by  thermometer  or  resist- 
ance. That  is  the  average  outside  temperature,  and  not  the 
temperature  of  hot  spots  which  may  be  10  deg.  higher.  Both 
papers  recognize  as  the  limiting  permissible  temperature  rise, 
under  extreme  conditions,  50  deg.  cent.  Therefore,  both  are 
equally  conservative  or  equally  unconservative.  However,  I 
wish  to  draw  your  attention  to  one  misunderstanding.  There 
seems  to  be  some  idea  that  the  new  rule  is  less  conservative  in 
allowing  50  deg.  temperature  rise  than  was  the  former  rule.  As 
a  matter  of  fact,  it  is  more  conservative,  because  the  former  A.  I. 
E.  E.  specification  allowed  in  electrical  apparatus  50  deg.  rise  of 
temperature  at  rated  loads,  and  in  addition  allowed  15  deg.  more, 
or  65  deg.  rise,  at  certain  overloads  for  limited  times.  Now, 
in  the  new  rules  we  do  not  permit  the  additional  rise  of  15  deg., 
because  65  deg.  rise  is  not  safe  for  all  insulations  and  under  all 
conditions.  If  the  room  temperature  is  25  deg.  cent.,  then  you 
can  have  the  additional  15  deg.  rise,  and  still  not  exceed  safe 
temperature  limits  even  for  class  A  insulation.  If  your  room 
temperature  is  40  deg.  cent.,  you  cannot  permit  65  deg.  rise, 
as  determined  by  conventional  methods,  without  exceeding 
safety  limits  for  class  A  insulation.  The  only  change  which  has 
been  made  from  the  old  rules  is  that  of  leaving  50  deg.  rise  as  the 
maximum  standard  rise.  We  no  longer  allow  that  additional 
15  deg.  Thus  you  see,  we  have  really  cut  down  the  permissible 
excess  rise  above  50  deg.,  leaving,  however,  the  50  deg.  as  the 
standard  which  was  recognized  before. 

I  want  to  take  issue  with  one  statement,  that  50  deg.  was  the 
Institute  standard,  but  the  universal  standard  was  40  deg.  When 
we  consider  these  lower  temperatures,  we  always  think  of  the 
big,  the  important  apparatus,  the  special  high  class  machinery. 
That  is  all  right,  if  we  say  that  50  deg.  is  the  maximum  permis- 
sible guaranteed  rise,  that  does  not  exclude  lower  values  but 
rather  makes  it  desirable  for  us  in  this  class  of  machines  where  we 
want  to  have  extra-safe  apparatus,  and  where  we  have  big 
machines  on  which  we  can  afford  to  spend  some  money  to  get 
good  service  conditions.  There  is  no  change  from  40  deg.  to  50 
deg.  Fifty  deg.  was  the  maximum  permissible  temperature. 
Thirty-five  to  40  deg.  may  be  specified  and  has  been  specified 
very  largely,  and  will  be  specified  in  the  future  to  suit  special 
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conditions,  but  there  is  a  large  mass  of  apparatus  in  which  50  deg. 
has  been  and  is  industrially  used,  and  even  higher  temperatures, 
which  we  have  to  avoid  and  discriminate  against.  But  the 
large  mass  of  apparatus  being  built  to-day,  and  which  has  been 
built  in  the  past,  has  a  50-deg.  rise,  and  we  never  think  of  it, 
because  such  small  apparatus  goes  out  in  wholesale  quantities. 
It  is  often  put  out  by  the  smaller  manufacturers  and  is  good 
enough  at  50-def^.  rise,  as  good  as  is  usually  required.  We  have 
to  recognize  that  this  apparatus  which  is  being  manufacttu'ed 
wholesale  is  giving  satisfactory  service,  and  we  cannot  prescribe 
the  standard  for  the  best  class  of  apparatus  only,  but  we  must 
have  a  standard  to  satisfy  all  conditions.  1 1  is  not  always  realized 
that  the  A.  I.  E.  E.  specification,  while  it  gives  the  maximum  per- 
missible temperature,  does  not  apply  exclusively  to  the  best  con- 
struction, the  very  best  class.  You  can  get  better  than  the  rules 
provide,  by  specifying  lower  temperatures,  but  you  should  not  go 
hihtf  than  50  deg.  rise.  If  you  stipulate  specially  low  tempera- 
ture you  must  be  prepared  to  pay  a  higher  price,  and  sometimes, 
as  in  large;  valuable  machinery,  it  will  be  good  policy  to  pay  the 
higher  price,  but  for  the  vast  majority  of  small  machines,  the 
50  deg.  rise  basis  represents  approved  practise. 

C.  J.  Fechheimer:  It  is  always  well,  when  considering  altera- 
tions, to  profit  by  the  experience  of  others.  The  single  rating, 
50  deg.  standard  has  been  the  practise  in  Europe  for  a  number  of 
years  and  European  electrical  machinery  has  been  used  in  Mexico 
and  South  America.  In  Europe  the  single  rating  method  has 
possibly  worked  out  fairly  well,  because  there  the  operators  are 
generally  men  of  intelligence  and  education.  Many  station 
operators  in  Europe  are  University  graduates.  In  Mexico,  on 
the  other  hand,  where  the  operators  are  less  int-ijUigent,  the 
number  of  bum -outs  with  European  macTiines  has  been  more 
frequent  than  with  American  machines  built  on  the  40-deg.  rise 
basis  for  normal  load  and  with  the  usual  25  per  cent  overload. 
The  50  deg.  single  rating  method  puts  the  burden  of  proof  for 
successful  operation  upon  the  operator. 

The  intelligence  and  education  of  the  average  operator  in  the 

United  States  is  certainly  less  than  that  of  the  European,  although 

of  a  higher  grade  than  that  of  the  Mexican.     Furthermore,  the 

indications  are  that  the  class  of  help  in  American  power  stations, 

niills,  factories,  etc. — especially  the  latter  two,  where  generators 

and  motors  are  used,  will  not  improve.     Therefore,  if  the  single 

rating  method  is  introduced,  similar  conditions  will  obtain  in 

regard  to  bum-outs  in  this  country  to  those  which  have  existed 

in  Mexico  where  European  50-deg.  machines  have  been  used. 

Even  in  the  Commonwealth  Edison  Co.,  where  a  very  intelligent 

staff  is  employed,  machines  have  burnt  out,  as  pointed  out  by 

Mr.  Schuchardt.     What  then  may  we  expect  with  the  higher 

rated  50-deg.  machines,  especially  if  overloaded  as  the  average 

station  operator  is  liable  to  do? 

I  ^ish  to  call  attention  to  a  statement  of  Mr.  Reist  to  the  effect 
^t  with  motors  underloaded,  as  they  are  at  present  the  averag^e 
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efficiency  is  reduced.  I  do  not  agree  with  this;  in  nearly  all 
standard  induction  motors  and  commutating-pole  direct-current 
machines,  the  point  of  maximum  efficiency  occurs  at  a  load  lower 
than  normal  with  our  present  system  of  rating.  Furthermore, 
the  majority  of  purchasers  endeavor  to  buy  machines  of  such 
ratings  as  will  enable  them  to  just  carry  the  load  required. 
Hence,  were  the  ratings  of  motors  increased  by  the  adoption 
of  the  proposed  single  rating,  the  customer  woxild  secure  motors 
of  materially  lower,  rather  than  higher,  efficiency  at  the  operating 
load.  Although  Mr.  Reist's  statement  applies  to  the  majority 
of  alternating-current  generators,  the  gain  in  efficiency^ by  in- 
creasing the  ratings  of  the  alternators  would  usually  restdt  in 
an  increase  rather  than  in  a  decrease  in  the  steam  or  water,  etc., 
needed  to  operate  the  prime  movers.  Hence,  from  this  point  of 
view,  the  customer  would  lose  rather  than  gain,  if  the  ratings  of 
all  machines  are  increased. 

Philip  Torchio:  The  Committee  recommends  one  rating  for 
all  apparatus.  I  state  again  that  I  have  no  objection  to  Mr. 
Merrlirs  rating  of  90  deg.  at  hot  spots  for  steam  turbine  genera- 
tors and  perhaps  for  water\yheel  generators,  but  I  think  it  would 
be  a  mistake  to  use  the  same  standard  for  the  class  of  apparatus 
referred  to  this  morning,  which  is  subject  to  overloads.  For 
this  latter  class  of  apparatus  I  suggest  75  deg.  maximum  tempera- 
ture. This  would  leave  15  deg.  for  possible  overloading,  though 
the  amount  of  overload  may  not  be  specified.  /  therefore  recom- 
mend 90  de^.  at  hot  spots  for  machines  which  are  not  subject  to  over- 
load, and  75  deg.  for  machines  subject  to  overload. 

B.  G.  Lamme:  I  think  some  confusion  has  come  from  the 
fact  that  the  larger  internal  temperature  gradients  with  high- 
voltage  machines  have  been  overlooked.  Mr.  Torchio  wants  a 
temperature  of  75  deg.  on  his  high-voltage  machines.  What  he 
really  wants  is  75  deg.  measurable  temperatvu*e.  What  he  is 
really  after,  although  he  possibly  does  not  look  on  it  that  way, 
is  to  keep  within  the  100  deg.  ultimate  temperature,  for  the 
machines  he  has  in  mind  have  probably  20  deg.  to  25  deg.  internal 
drop,  so  that  his  75  deg.  measured  temperature  means  probably 
100  deg.  at  some  point  inside  the  machine.  The  sub-committee 
paper  did  not  bring  this  point  out  clearly.  We  referred  to  10 
deg.  to  15  deg.  for  low- voltage  machines,  but  Mr.  Torchio  is 
using,  to  a  great  extent,  high-voltage  machines. 

That  also  explains  Mr.  Stott's  i^oint.  He  referred  to  machines 
which  ran  at  about  40  deg.  by  thermometer  measurement,  with 
air  temperature  not  over  35  deg.  cent.,  which  would  make  75 
deg.  measvu*ed  temperature,  and  he  thought  100  deg.  ultimate  was 
unsafe.  I  know  the  type  of  machine  to  which  he  refers,  and  I 
think  that  there  is  fully  25  deg.  internal  gradient  from  the  hottest 
spot  to  the  point  where  he  could  make  his  temperature  measure- 
ment, so  that  I  believe  his  machines  were  at  least  100  deg.  cent., 
and  possibly  hotter  at  times. 

Mr.  Schuchardt  suggests  80  deg.  as  the  hmit,  but  in  his 
machines,  if  I  am  not  mistaken,  exp\ontv^  co\\s»  outside  the  insula- 
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tion  were  used  in  presumably  what  was  considered  the  hottest 
part  of  the  machine.  His  machines  were  also  high-voltage,  and 
presumably  there  was  at  least  20  deg.  internal  drop,  so  that  his 
machines  also  are  probably  close  to  the  100-deg.  limit  at  the 
hottest  part.  I  consider  that  all  these  cases  cited  are  pretty 
good  proofs  of  the  tdtimate  limits  which  we  have  set. 

B.  A.  Behrend:     I  think  we  should  limit  the  total  temperature 
of  the  hottest  spot  and  leave  it  to  the  ingenuity  of  the  purchaser 
or  his  consulting  engineer  to  find  that  hottest  spot.     If  you  do 
not  do  that,  you  open  all  doors  to  that  lack  of  conservatism  which 
the  constilting  engineer  and  purchaser  would  deprecate.     It  is 
enough  to  say  that,  if  you  build  a  thousand  machines,  those 
thousand  motors  or  generators  are  not  all  alike.     If  you  give  us 
leeway  on  the  hottest  spots,  we  will  make  the  majority  of  them, 
say  900  machines,  to  meet  a  total  temperature  of  90  deg.  and  the 
remaining  machines  might  exceed  that  temperature  by  10,  15,  or 
20  deg.,  or  by  almost  any  other  amount.     That  seems  to  me  to 
prove  conclusively  that  Mr.  Torchio  is  right  in  demanding  that 
the  total  temperature  guaranteed  should  be  the  temperature  of 
the  hottest  spot  in  the  machine.     This  will  make  the  manu- 
facturer conservative.     He  is  forced  to  tuni  out  the  majority 
d  his  machines  at  a  temperature  which  will  he  below  the  total 
temperature  guaranteed,  because  he  knows  very  well  that  the 
iron  is  not  uniform,  and  the  core  losses  thus  vary  greatly,  and  are 
subject  to  workmanship,  and  therefore  temperature  rises  may 
occur  which  he  did  not  expect,  and  he  must  guard  against  such 
contingencies  by  guaranteeing  the  total  temperature  of  the  hot- 
test part  of  the  machine.     There  is  no  escape  from  this  conclu- 
sion.   If  the  manufacturer  tries  to  evade  this  point,  he  is  trying 
"to  put  it  over  "  the  customer. 

C.  P.  Steinmetz:  The  ideal  method,  naturally,  would  be  to 
specify  that  the  maximum  temperature,  at  40  deg.  room 
temperature,  should  not  exceed  100  deg.  cent.,  that  is,  to  specify 
the  temperature  of  the  hottest  spot.  That  is  very  nice  and  I 
have  no  doubt  the  electrical  manufacturing  industry  would  be 
glad  to  do  that,  providing  the  consulting  engineers  and  operating 
«igineers  will  tell  them  how  to  find  the  hottest  spot.  It  is  up  to  the 
Institute  to  make  some  standard  rules,  some  specifications,  which 
shall  be  so  framed  as  to  be  commercially  applicable.  At  present 
the  only  practical  method  of  measuring  the  temperature  is  by 
i^tance  or  by  the  thermometer.  Neither  method  discloses  the 
temperature  of  the  hottest  spot.  For  many  years  people  have 
iniagined  that  these  methods  disclose  the  actual  highest  temp- 
wature,  and  that  we  have  only  75  deg.  or  80  deg.  ultimate  temp- 
^ture  in  any  part  of  the  machine.  Now,  we  know  that  these 
conventional  methods  did  not  disclose  tht*  hij^'hest  temperature; 
that  in  cases  where  we  believed  the  macliine  did  not  exceed  75 
^cg.at  any  part,  there  were  interior  parts  which  had  temperatures 
of  100  deg.  or  more.  The  explorin^^  coil  shows  temperatures  a 
little  nearer  to  the  hot  spot  temperatures,  hut  it  does  not  show  t\ie 
^mperature  of  the  hottest  spot  anywhere  in  the  insulation. 
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So  you  can  see  that  the  step  in  advance  which  we  propose  to  take 
involves  recognition  of  the  hottest  spot  and  limits  the  tempera- 
ture of  the  hottest  spot  to  not  more  than  100  deg.  cent.  But  we 
cannot  put  that  in  any  contract  between  mantifacturer  and 
customer  because  there  are  no  means  yet  to  determine  the  hot- 
test spot,  and  so  all  specifications  must  still  be  based  on  the 
means  now  available  for  measuring  temperatvu*e.  This  requires 
us  to  allow  a  lower  conventional  maximum  temperature,  say  90 
deg.  for  Class  A  insulation.  That  is  unavoidable.  In  short, 
we  can  discuss  theoretical  matters  and  the  ideal  conditions,  but 
we  cannot  meet  the  ideal  conditions  in  practise.  That  is  the 
difficultv. 

Now,  what  should  be  the  limiting  temperature  for  the  hot  spot? 
100  deg.  cent,  has  been  advocated.  Personally  I  believe  that  the 
hottest  spot  is  safe  at  a  higher  temperature.  Probably  100  to 
105  deg.  is  quite  safe,  but  we  have  no  means  yet  of  detecting  the 
higher  temperature,  the  hottest  spot.  And  furthermore  the 
whole  question  is  complicated  by  the  time  factor.  A  tempera- 
ture many  degrees  higher  will  occasion  less  deterioration  if  only 
occurring  during  a  few  summer  days,  than  will  a  decidedly 
lower  temperature  if  continuously  present.  We  may  say  that  if 
you  take  machines  which  are  run  hot,  but  do  not  burn  out,  which 
have  been  running  for  many  years  without  trouble  from  heating, 
then  the  highest  temperature  which  exists  anywhere  in  one  of 
those  machines  is  the  permissible  hot  spot  temperature.  But 
what  is  that  highest  temperature?  Originally  we  imagined  that 
that  was  what  the  thermometer  and  resistance  methods  of  meas- 
urement showed.  We  have  found,  by  getting  more  and  more 
experience,  that  it  is  higher,  and  still  climbing  up,  but  I  do  not 
know  whether  we  have,  or  have  not,  located  the  hot  spots,  and 
the  fact  is  that  the  hottest  spot  is  not  a  definite  temperature 
which  wc  can  be  sure  of,  but  is  the  hottest  spot  in  those  machines 
which  have  been  running  for  many  years  without  burning  out. 
I  beHeve  we  arc  taking  a  step  in  advance  to  recognize  this  point, 
but  we  are  not  ready,  and  nobody  is  ready,  to  state  what  is  the 
possible  permissible  maximum  temperature  for  ordinary  insula- 
tion which  may  be  reached  temporarily. 

B.  A.  Behrend:  If  the  liottest  spot  cannot  be  found,  it  is 
useless  to  say  that  its  total  temj^erature  may  be  100  deg.  cent. 
If  I  cannot  find  it,  I  cannot  guarantee  its  temperature. 

C.  P.  Steinmetz:     You  mav  find  it  sometime — 

^ 

B.  A.  Behrend:  If  I  can  find  it  sometime,  then  I  like  to  know 
it  and  know  its  existence.  I  prefer  to  know  that  I  am  going 
to  get  a  machine  which  will  have  parts  hotter  than  those  guar- 
anteed. 

C.  P.  Steinmetz:  I  mean,  that  you  will  know  it  some  time 
in  the  future. 

B.  A.  Behrend:     It  is  surely  Ix'tter  to  know  beforehand  than 

to  lind  out  afterward.     Since  we  designers  of  electrical  machinery 

appreciate   thai   there  exist  hoi  s\)ols,  unless  we  admit  their 
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existence,  we  lead  the  people  to  think  that  our  guaranty  defines 
the  hottest  part  of  the  machine.  Let  us  admit  the  existence 
of  concealed  hot  spots  and  guarantee  a  total  temperature  of  90 
deg.,  and  say  that  this  refers  to  the  hottest  part  of  the  machine. 
It  will  mean  that  ninety  per  cent  of  all  the  machines  turned  out 
by  the  manufacturer  will  have  a  readily  measurable  total  tem- 
perattire  of  80  deg.  The  purchaser  will  get  the  advantage  of  this, 
and  it  seems  to  me  he  is  entitled  to  this  advantage.  Standardiza- 
tion must  be  for  the  benefit  of  both  the  manufacturers  and  the 
user,  and  therefore  let  the  manufacturer  be  a  little  more  gener- 
ous in  his  dealings  with  the  cxistomer. 

There  is  one  point  which  I  cannot  pass  over,  viz.,  the  adjust- 
ment of  the  efficiency  to  the  power  factor  for  a  given  rating.  In 
neither  steam  engines,  gas  engines,  induction  motors,  nor  alter- 
nating-current generators  can  we  say  that  the  maximum  efficiency, 
the  best  regtdation,  or  the  highest  power  factor,  are  at  the  point 
indicated  by  its  rating.  The  maximum  rating  of  machinery 
places  the  burden  on  the  user  and  his  consulting  engineer,  and  it 
seems  to  me  that  twenty  years  of  education  should  have  given 
the  customer,  if  not  the  consulting  engineer,  an  opportunity  to 
learn  how  to  make  allowance  for  the  conditions  he  has  to  meet. 
If  a  50-h.p.  motor  is  a  50-h.p.  motor  maximum  rating,  and  if  I 
am  a  little  doubtftd  as  to  whether  my  plant  requires  50  h.p.  or 
55  h.p.,  I  shall  take  a  larger  motor.  If  I  wish  to  use  ordinary 
cable,  or  a  piece  of  shafting,  or  a  bearing,  and  consult  a  manu- 
facturer's catalogue,  I  must  apply  the  same  reasoning.  There 
can  be  therefore  no  objection  to  a  single  rating  on  this  score. 
Why  the  electrical  engineer  alone  should  be  less  able  to  use  his 
judgment  than  the  mechanical  or  the  civil  engineer  it  is  hard  to 
see.  When  we  design  a  bridge  we  must  know  the  elastic  limit 
of  the  materials  used  in  it.  The  really  important  issue  lies  in 
the  application  of  the  designer's  judgment  to  the  safety  factor 
to  be  employed. 

I  unsh  to  say  a  word  regarding  the  use  of  the  emblem  of  the 
Institute  on  the  name-plates.     It  creates  the  impression  that  the 
stamp  of  approval  of  the  Institute  has  been  placed  on  the  manu- 
facturer's apparatus,  which  we  know  is  not  so.     It  is  not  compat- 
ible with  the  dignity  of  the  Institute.     The  single  rating  is  a 
sound  movement,  and  the  only  point  to  be  decided  is  how  to  use 
it,  or  whether  to  deceive  ourselves  into  believing  that  we  have 
cooler  machines  than  we  actually  have.     I  do  not  approve  of  any 
species  of  make-believe.     If  I  am  to  be  robbed  I  want  to  know  it; 
and  if  I  am  to  be  deceived,  I  want  to  know  it  also.     If  I  have  to 
use  machines  which  will  show  a  temperature  rise  of  115  deg. 

total  rather  than  90  deg.,  I  want  to  know  it.     It  is  perfectly 

feasible  to  embody  it  in  the  same  scheme  now  contemplated  by 

the  sub-committee. 
8-F.  Schuchardt:     One  more  reference  to  finding  the  hot  spots, 

wh  regard  to  ha\nng  the  customer  find  ihcrih  as  suggested.     It 

^*  1k»  intorestinA'  to  state  more  of  the  details  of  the  experience 
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mentioned  in  my  previous  discussion.  At  the  time  of  the  break- 
down of  this  particular  unit  to  which  I  referred,  the  tempera- 
tures were  being  taken  according  to  the  specifications  in  the 
contract,  and  the  temperature  limits  of  the  contract  had  not  been 
reached  at  the  time  of  the  breakdown.  The  customer  then  set 
about  to  find  the  hot  spot,  and  with  the  permission  of  the  manu- 
facturer, put  these  exploring  coils  at  the  place  where  the  design- 
ing engineers  of  the  manufacturer  said  would  likely  be  found  the 
hottest  spots.  Then  we  made  tests  to  find  what  is  the  safe  maxi- 
mum temperature  at  which  to  operate  that  insulation,  and  we 
found  this  to  be  80  deg. 

Charles  P.  Steinmetz:  If  the  designer  or  the  mantifacturer,  or 
anybody  else,  only  knew  where  the  hottest  spots  are,  and  how  to 
find  them  and  measure  them,  the  specification  of  the  maximum 
temperature  at  the  hottest  spots  would  be  the  most  satisfactory 
to  the  manufacturer,  operating  engineer,  consulting  engineer  and 
everybody  else.  Unfortunately,  that  is  not  the  case.  We  may 
believe  that  a  certain  region  will  be  hotter,  and  even  that  it  is 
the  hottest  place,  but  we  do  not  know  that  with  certainty.  We 
know  that  the  place  which  Mr.  Schuchardt  referred  to  just  now 
was  the  hottest  place  which  could  be  reached.  Quite  possibly 
somewhere  else,  at  a  place  not  reached  by  the  exploring  coil, 
there  may  be  hotter  spots,  and  that  is  the  difficulty. 

I  sympathize  with  Mr.  Behrend  that  he  does  not  want  to  have 
something  sold  to  him  which  is  not  as  described,  but  if  he  will 
kindly  follow  the  suggestion  which  we  put  forward  at  the  be- 
ginning of  the  convention,  not  to  make  destructive  criticism 
but  constructive  criticism,  and  tell  us  how  to  go  to  work  and 
locate  the  hot  spots  and  how  to  measure  them,  he  will  be  a 
great  factor  for  good  in  the  advancement  of  the  electrical  in- 
dustry. But  as  long  as  we  do  not  know  how  to  find  the  hot  spots 
with  any  certainty,  or  how  to  measure  their  temperature,  we 
have  to  do  the  next  best  thing,  and  measure  the  temperature  in 
ways  practically  available.  I  believe  it  is  a  step  in  advance 
to  recognize  the  existence  of  the  hot  spots,  to  recognize  that  the 
measured  temperature  is  not  actually  the  maximum  temperature, 
but  that  there  is  somewhere  a  higher  temperature,  and  further- 
more, to  recognize  that  the  highest  temperatures  exceed  the 
measured  temperature  by  various  amounts,  (depending  on  the 
condition  of  the  machine,  on  the  design,  on  the  insulation), 
which  exceed  the  measured  temperature  by  5  deg.  or  10  deg.  in 
some  machines,  like  direct-current  machines,  or  exceed  the  meas- 
ured temperature  by  20  deg.  (or  possibly  even  30  deg.)  in 
other  machines,  like  those  with  high  temperature,  high  voltage, 
heavily  insulated,  heavy  armature  coils.  But  we  have  reached 
something  in  recognizing  that  we  want  the  assistance  of  all 
engineers  to  help  us  find  where  the  highest  temperatures  are 
located  and  how  to  measure  the  higliest  temperatures.  We  will 
beg]ad  to  standardize  the  specification  of  the  highest  temperature 
and  the  methods  to  find  it,  if  yow  caw  ^ive  us  some  feasible 
method  of  doing  so. 
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W.  L.  Merrill:  There  is  quite  a  lot  of  discussion  on  this  ulti- 
mate and  high  temperature,  and  it  must  be  remembered  that  it 
is  only  due  to  those  cases  in  which  the  room  temperatures  arc 
40  deg.,  which  is  considered  as  the  high  limit  of  room  temperature 
recognized  by  the  Institute.  Anything  below  that  would  be  a 
factor  of  safety,  which  you  would  have  in  addition  to  these  maxi- 
mum temperatures.  In  taking  up  this  paper,  it  was  my  under- 
standing that  the  90  deg.  was  to  be  the  maximum  ultimate 
temperature,  as  determined  by  methods  approved  by  the  In- 
stitute, either  at  present  or  in  the  futvu*e,  whatever  those  rules 
should  be.  I  think,  perhaps,  that  would  reconcile  some  of  this 
discussion,  and  I  would  like  to  put  in  a  hypothetical  question — 
if  there  is  a  method  determined,  or  if  our  present  method,  plus 
a  correction  which  has  been  mentioned  in  the  papers,  were  put 
into  practise,  what  is  the  consensus  of  opinion  of  the  various 
gentlemen  who  have  just  discussed  these  papers,  or  are  interested 
in  the  subject,  if  the  limit  were  put  at  90  deg.,  if  that  would  meet 
their  approval,  or  rather,  should  it  be  100  deg?  In  other  words, 
is  it  100  deg.  that  must  be  the  maximum  for  fibrous  insulation 
or  90  deg.  ? 

There  is  one  point  I  want  to  touch  on — the  question  of  bearings. 
The  sub-committee  thought  it  would  be  attacked  a  great  deal 
more  on  the  matter  of  bearings,  perhaps,  than  some  other  things 
contained  in  its  report.  The  question  of  limiting  the  tempera- 
ture in  the  bearings  of  electrical  machinery,  to  my  mind, is  not 
very  good  practise.  Is  there  any  gentleman  here  who  has  pur- 
chased a  steam  engine  and  questioned  the  veracity  of  the  manu- 
facturer as  to  what  the  heating  was  to  be  in  the  steam  engine 
bearing?  Is  not  the  same  true  with  waterwhcels?  Is  not  the 
same  true  with  line  shafting,  gas  engines,  or  any  other  piece  of 
machinery  that  is  purchased,  that  the  question  of  bearing  tempera- 
tures is  not  raised?  I  have  a  particular  case  in  mind,  which  I 
think  shows  the  fallacy  of  limiting  the  design  of  electrical  ma- 
chinery, we  will  say  handicapping  the  design,  by  limiting  the  tem- 
peratxu'e  of  the  bearings.  In  the  case  referred  to,  vertical  water- 
wheel-driven  units  were  used.  At  the  time  the  engineering  was 
done  the  waterwheel  manufacturer  was  to  supply  the  thrust  bcar- 
uigs.  They  were  put  below  the  generators,  and  there  was  no  reason 
tosuppose  the  bearings  were  not  all  right  to  carry  the  load  and  give 
a  good  account  of  themselves.  By  reason  of  later  development, 
the  man  who  was  to  install  these  units  decided  to  have  the  bear- 
mgs  on  top  of  the  generators,  so  they  now  became  part  of 
the  electrical  equipment,  aiid^they  had  to  be  designed  to  meet  the 
temperature  rise  of  the  Ins'titute.  It  seems  to  me  electrical 
niachinery  shotdd  be  put  in  the  class  of  other  machinery  when  it 
comes  to  the  question  of  bearings. 

One  more  point  in  connection  with  the  bearings — we  will 
^sume  that  we  have  a  machine  in  which  the  engineer  has  de- 
<^dedon  a  5-in.  shaft  with  a  3  by  1  bearing,  making  a  15-\n. 
bearing  housin;?'.     The  rubbing  surface  of  that  bearing  is  long. 
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and  it  might  heat  beyond  the  temperature  limit  set  down  by 
the  A.I.E.E.  at  the  present  time.  That  temperature  can  be 
materially  lowered  by  shortening  up  the  bearing  housing.  We 
could  cut  it  down  to  a  5  by  10  bearing,  and  it  is  possible  to  still 
lower  the  temperature  of  the  bearing,  and  the  bearing  is  not  as 
good  for  working  as  at  that  higher  temperature  limit.  Another 
point  was  the  rating  of  the  temperature  limits  of  the  bearings  at 
50  deg.  That  is  a  physical  impossibility,  although  we  are  sup- 
posed to  do  it  today.  Take  the  case  of  a  small  totally  enclosed 
motor,  a  mill  motor  or  railway  motor,  where  the  temperature  is 
practically  uniform  throughout  the  whole  machine,  the  bearing 
must  necessarily  be  approximately  the  temperature  of  the  rest 
of  the  machine.  On  the  rest  of  the  machine  we  are  allowed  75 
deg.  or  90  deg.  rise,  for  non-fibrous  insulation,  and  necessarily 
the  bearing  must  go  up  to  that,  there  is  no  help  for  it.  I  suggest, 
Mr.  Chairman,  that  you  get  an  expression  of  opinion  from  Mr. 
Torchio,  and  various  other  gentlemen  who  have  discussed  this 
paper,  if  their  understanding  is  "tha  tthe  guarantee  of  the  maxi- 
mum hot  spot  should  be  90  deg.  instead  of  100  deg.,  whether  that 
would  meet  their  objection. 

Philip  Torchio:  In  summing  up  the  discussion,  Mr.  Chair- 
man, I  do  not  think  you  have  taken  cognizance  of  the  point  of 
view  I  have  been  trying  to  present.  There  is  a  serious  objection 
to  using  the  same  limiting  temperature  of  85  or  90  deg.  (which  is 
required' and  allowable  for  turbo-generators)  for  that  class  of 
apparatus  which  is  subject  to  overloads  beyond  the  control  of 
the  operator  or  user.  I  want  to  emphasize  the  point  that  you 
cannot  unify  two  distinct  sets  of  conditions.  You  cannot  have 
the  same  rating,  the  same  maximum  temperature,  for  the  turbo- 
generator and  for  the  synchronous  converter  or  the  motor. 

Charles  P.  Steinmetz:  I  wish  to  say  that  when  considering 
the  question  whether  90  deg.  or  100  deg.  should  be  the  tempera- 
ture of  the  hot  spots,  we  should  give  consideration  to  the  present 
existing  apparatus,  to  all  those  many  small  motors  which  are 
turned  out  by  the  thousands  by  many  manufacturers,  in  most  of 
which  apparatus,  with  a  room  temperature  of  40  deg.  cent.,  the 
hottest  spot  is  above  90  deg.  cent.  All  of  this  apparatus  would 
have  to  be  redesigned,  which  would  be  a  very  serious  matter, 
not  to  the  big  manufacturers,  who  could  easily  afford  to  do  it, 
but  to  the  small  manufacturers,  who  would  have  to  redesign  their 
motors  and  other  machines  to  make  them  larger. 

I  would  like  to  know  whether  the  smaller  manufacturers  would 
be  willing  to  rate  down  their  apparatus,  or  to  make  them  larger, 
and  bring  the  limits  of  temperature  to  90  deg.,  or  less,  maxi- 
mum temperature,  where  it  is  now  higher.  It  may  not  be  higher 
by  the  conventional  method  of  measuring,  but  undoubtedly  most 
are  higher,  today,  at  90  deg.  maximum  temperature,  on  the  basis 
of  40  deg.  room  temperature. 

W.  H.  Powell:  The  motor-generator  set  referred  to  by  Mr. 
Torchio    would    be    classified    as    kZ — ^Continued    Pulsating 
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Sendee,  or  under  certain  conditions  as  class  B  3 — Short  Time 
Pulsating  Service.  Other  limitations  prevail  besides  the  ulti- 
*  mate  temperature.  The  recommendation  of  the  committee, 
viz.,  that  apparatus  be  rated  on  the  basis  of  ultimate  tempera- 
ture, and  that  no  overloads  be  specified  except  momentary  over- 
loads, applies  only  to  apparatus  falling  within  class  A  1  — Con- 
stant Service,  where  load  is  continuously  applied. 

Charles  F.  Scott:  The  fluctuating  viewpoints  in  this  discussion 

raise  the  question,  what  do  our  Standardization  Rules  stand  for? 

What  is  their  piu^pose?     What  is  standardization?     Some  things 

cannot  be  standardized  in  simple  terms.     For  example,  a  few 

years  ago  the  Standards  Committee  took  up  the  rating  of  railway 

motors,  which  were  given  a  "  one-hour  rating  *'  in  our  old  rules. 

A  sub-committee  undertook  a  revision;  meetings  were  held  at 

which  engineers  from  manufacturing  and  operating  companies 

and  consulting  engineers  to  the  number  of  some  fifteen  or  twenty 

were  present,  some  of  them  among  the  most  prominent  men  in 

the  Institute.     The  matter  was  discussed  first  one  way  and  then 

another,  and  we  kept  getting  further  and  further  from  a  conclu- 

aon.     We  adjotmied  for  a  week.     Then  Mr.  Armstrong  came 

with  diagrams  and  curves  to  show  that  the  one  hour  rating  was 

inadequate  and  that  a  certain  method  was  better.     Mr.  Storer 

came  with  his  data  to  show  that    something   else    was   best. 

Everybody  seemed  to  be  conscience-stricken  because  we  could 

not  come  to  a  conclusion,  and  tell  how  to  rate  railway  motors  in 

a  simple  sentence  or  paragraph,  and  the  chairman   suggested 

that  we  had  better  ^ve  it  up,  as  agreement  seemed  impossible. 

A  member  suggested — "  Maybe  it  is  impossible,  maybe  the  fact 

that  the  performance  of  a  railway  motor,  which  has  to  do  so 

many  kinds  of  service,  cannot  be  expressed  in  terms  which  are 

simple,  is  the  lesson  we  have  learned  in  our  discussion  here.*' 

Each  of  those  meetings  started  at  four  in  the  afternoon  and  ran  to 

seven  or  eight  in  the  evening,  and  the  outcome  was  not  to  express 

the  rating  of  a  railway  motor  in  two  or  three  lines  but  to  set  forth 

niethods  of  selecting  a  motor  for  given  service  in  a  couple  of  pages 

in  an  appendix  to  our  present  rules. 

What  are  we  now  attempting  to  do  with  respect  to  the  rating 
of  motors?  Are  we  not  attempting  to  express  in  a  few  paragraphs 
the  characteristics  of  all  motors?  The  types  of  motors  and  the 
conditions  of  service  are  so  diverse  that  it  is  impossible  to  make 
simple  classifications  which  will  be  adequate  and  complete. 
Stationary  motors  must  meet  a  range  of  service  conditions  more 
extensive  and  more  erratic  than  railway  motors.  The  latter  are 
fairly  definite  in  type  and  in  the  nature  of  the  service  to  be  per- 
formed, and  yet  they  do  not  admit  of  any  simple  method  of  rat- 
ing; hence  any  elementary  or  simple  classification  of  stationary 
motors  must  be  rather  general  in  its  nature.  In  the  proposed 
classification,  there  does  not  seem  to  be  any  discrimination  be- 
tween series  motors  and  shunt  motors,  and  the  divisions  of  set- 
vice  conditions  into  several  classes  is  only  a  ftrst  approximation, 
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as  can  readily  be  seen  if  one  selects  several  specific  cases  and  en- 
deavors to  adapt  them  accurately  to  the  proposed  classification. 
If  classifications  were  to  include  accurately  all  conditions,  there 
would  have  to  be  a  hundred  or  more  divisions,  instead  of  half  a 
dozen. 

What  then  do  the  Standardization  Rules  attempt  to  do?  I 
have  been  a  member  of  the  committee  for  several  years,  and, 
speaking  generally,  our  object  has  been  to  express  what  is  good 
practise  in  definitions  of  terms  and  in  methods  of  measurement. 
When,  however,  the  Standardization  Rules  are  used  by  the 
operating  or  designing  or  testing  engineer,  they  are  often  re- 
garded as  something  which  should  be  absolute  and  complete, 
and  the  rules  are  criticised  if  they  do  not  seem  to  meet  definitely 
each  particular  case  which  may  arise.  The  past  policy  seems  to 
me  to  be  indicated  by  this  sentence  in  connection  with  transfor- 
mer insulation  tests:  '*  The  voltages  and  other  conditions  of  test 
which  are  recommended  have  been  determined  as  reasonable 
and  proper  for  the  great  majority  of  cases  and  are  proposed  for 
general  adoption,  except  when  specific  reasons  make  a  modifica- 
tion desirable.''  In  other  words  we  are  not  making  a  set  of 
specific  rules,  but  we  are  giving  sanction  to  practises  which  are 
good.  It  is  expected  that  intelligent  common  sense  will  be  used 
in  applying  the  Standardization  Rules.  We  see,  for  example,  that 
it  is  good  practise  not  to  have  the  temperature  of  a  motor  rise 
above  a  certain  limit,  but  Mr.  Merrill  has  just  pointed  out  the 
absurdity  in  carrying  this  rule  too  far  and  making  a  bearing  of  one 
temperature  if  it  is  considered  to  be  a  part  of  a  dynamo  and  an- 
other temperature  if  it  happens  to  be  considered  as  a  part  of  the 
waterwheel. 

We  are  discussing  rating;  what  is  rating?  It  is  the  assigning 
of  certain  values  to  express  the  capability  of  a  machine.  These 
values  depend  upon  the  quality  of  its  materials,  upon  its  regula- 
tion, insulation,  temperature,  and  other  factors.  All  these  are 
indefinite;  they  may  be  expressed  in  curves.  There  are  no 
definite  absolute  limits  like  the  length  of  a  yard-stick  or  the 
weight  of  a  cubic  inch  of  copper.  The  selection  of  the  limits 
which  fix  the  rating  is  a  matter  of  judgment.  Take,  for  example, 
a  completed  motor  which  has  lost  its  name-plate,  and  attempt  to 
fix  its  rating  and  to  determine  the  volts  and  amperes  and  speed 
and  horse  power  that  should  be  put  upon  the  name-plate.  Tests 
may  be  made,  but  judgment  must  be  applied  in  selecting  defi- 
nite limits. 

When  a  motor  is  sold,  its  name-plate  joins  together  two  things 
— its  past  history  in  the  factory,  which  determines  its  electrical 
capability,  and  the  service  it  can  render,  which  is  its  mechanical 
performance.  The  motor  drives  a  shaft  and  the  shaft  drives  the 
load.  Torque  and  speed  are  the  two  things  which  the  motor 
produces,  and  torque  and  speed  are  the  things  which  the  load 
rcguires.  The  requirements  of  the  load  are  subject  to  definite 
variations  in  the  relations  of  torque  and  speed  and  time.     Our 
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problem  is  to  specify  the  capability  of  the  motor  in  torque  and 
speed  and  time  in  such  a  way  that  its  adaptation  to  power  service 
requirements  can  be  determined.  If  we  were  to  make  classifica- 
tions which  covered  all  service  requirements  in  point  of  variable 
load  and  time  conditions,  we  wotdd  have  a  htmdred  classes,  in- 
stead of  the  half-dozen  which  have  been  proposed.  Obviously, 
therefore,  the  motor  classifications  proposed  are  not  complete 
and  exhaustive,  but  they  simply  indicate  what  a  motor  can  do 
under  a  few  typical  conditions.  This  must  be  supplemented  by 
an  intelligent  comparison  between  the  actual  service  require- 
ments and  the  specified  classifications. 

What  the  motor  specifications  are  accomplishing  is  to  define, 
more  definitely  than  has  been  done  in  the  past,  what  a  motor 
will  do  under  several  sets  of  conditions.  '  The  commercial 
engineer  must  then,  with  this  larger  knowledge  of  motors,  make 
his  selection  of  the  proper  motor  for  his  specific  case.  We  are 
assisting  the  seller  and  the  buyer,  not  by  covering  definitely  the 
various  conditions  of  service,  but  by  defining  more  completely 
the  capability  of  the  motor.  We  define  what  the  motor  can  do 
under  specified  conditions,  but  we  cannot  define  what  it  will  be 
required  to  do  in  operating  a  lathe  or  a  hoist  or  a  pump. 

The  proposed  specifications  are  general;  they  do  not  even 
distinguish  between  series  and  shunt  motors.  We  simply  lay  a 
good  general  basis,  and  our  rules  cannot  be  extended  much 
further,  tmless  different  types  of  motors  are  treated  as  we  have 
already  treated  the  railway  motor,  by  giving  to  each  type  an 
extended  dissertation  as  to  how  the  selection  is  to  be  made  for 
each  type  of  service. 

Comfort   A.   Adams:     There   are   two   functions   of   rating; 

first,  to  enable  the  customer  to  compare  the  prices  of  different 

manufactiu-ers;    and   second,  to  enable  the  customer,   or  his 

agent,  the  engineer,  properly  to  choose  a  machine  for  a  given 

duty  or  service.    It  is  obviously  impossible  for  any  set  of  rating 

rules  to  cover  all  kinds  of  service.    Those  who  have  had  to  do 

with  the  choice  of  motors  for  a  special  purpose  realize  that  there 

are  hardly  two  cases  which  would  be  covered  exactly  by  any 

simple  system  of  rating.    The  important  thing,  then,  is  that  we 

come  to  some  agreement.    It  is  not  so  important  that  the  chosen 

temperature  rise  be  absolutely  safe  at  all  times,  as  it  is  that  we 

understand  what  that  temperature  rise  means.     Just  in  so  far 

as  we  know  by  experience  or  by  computation,  or  both,  what  the 

difference  is  between  the  temperature  of  the  hot  spots  and  that 

measured  by  any  particular  method  that  we  may  agree  upon, 

can  we  make  intelligent  use  of  the  corresponding  system  of 

rating. 

I  do  not  agree  that  we  must  adapt  our  method  of  rating  to 
the  unintelligent  unadvised  customer  who  buys  a  machine  on 
the  basis  of  its  h.p.  rating,  while  guessing  at  the  duty.  That 
class  of  customer  is  a  rapidly  diminishing  one,  and  should  not 
^  made  the  excuse  lor  saying  one  thing  and  meaning  another. 
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Charles  F.  Scott:  What  is  the  relation  of  the  Institute  to 
buyer  and  seller?  We  are  a  professional  body  and  not  a  commer- 
cial body.  It  is  our  function  to  express  what  is  good  profession- 
ally. This  was  summed  up  in  excellent  form  on  the  night  of 
the  original  discussion  which  led  to  the  formation  of  the  Stand- 
ards Committee,  fifteen  years  and  one  month  ago  tonight,  when 
Dr.  Steinmetz  said,  that  standardization  came  under  two  heads: 
first,  a  definition  of  terms,  and  second,  a  definition  of  methods  of 
tests.  We  will  do  well  to  adhere  to  this  scheme,  doing  profes- 
sional work  which  directly  concerns  us  and  let  the  application 
to  commercial  work  go  to  others. 

Alexander  M.  Gray:  In  my  previous  remarks  I  attacked  the 
clause  on  bearings,  and  I  am  still  unconvinced  on  that  point. 
Shaft  bearings  are  in  a  different  class  from  motor  bearings;  they 
squeak  long  before  they  break  down,  whereas  a  motor  bearing 
gives  no  warning;  and  I  still  contend  that  the  temperature  of 
the  oil  in  the  bearings  should  be  limited  to  70  deg.  cent.  If  the 
bearings  are  to  be  hotter,  let  us  know  about  it,  and  put  it  in  the 
specification. 

I  consider  that  Mr.  Behrend  is  right  in  the  attitude  he  takes 
about  the  use  of  the  Institute  initials  on  name-plates,  but  we 
should  have  something  on  the  name-plate  to  show  that  the 
machines  were  given  a  single  rating  and  not  one  with  an  overload 
capacity. 

B.  G.  Lamme:  I  have  been  listening  to  many  statements 
which  are  apparently  in  disagreement,  and  I  will  therefore  try 
to  do  some  averaging.  It  seems  to  me  that  many  of  the  apparent 
discrepancies  which  have  come  up,  are  due  to  looking  at  the 
problem  from  a  wrong  basis.  We  all  think  of  the  temperatures 
of  machines  based  on  our  everyday  experience,  but  otu*  everyday 
experience  is  really  at  20  deg.  or  25  deg.  air  temperature.  On 
that  basis  we  think  of  a  machine  which  reaches  75  deg.  cent,  by 
measurement  as  a  very  safe  machine.  If,  at  the  same  air  temp- 
erature ythaX  machine  is  loaded  until  it  reaches  90  deg.  cent.,  we 
consider  it  is  beyond  the  safety  limits.  That  is  correct,  because, 
on  the  basis  of  20  deg.  or  25  deg.  cooling  air  temperature,  the  ma- 
chine showing  90  deg.  temperature  by  measurement  is  an  unsafe 
one  in  service,  for  such  machine  will  probably  be  at  least  100  deg. 
cent,  at  the  hottest  part,  and  therefore  any  increase  in  the  cool- 
ing air  temperature  puts  the  machine  above  the  danger  point. 
However,  if  the  90  deg.  measured  temperature  is  always  tied  up 
with  the  40  deg.  cooling  air  temperature,  then  the  case  is  quite 
different,  for  at  ordinary  air  temperatures,  the  machine  then  has 
only  80  deg.  to  85  deg.  ultimate  temperature.  In  other  words, 
when  we  think  of  100  deg.  as  the  ultimate  limit  with  this  pro- 
posed method  of  rating,  we  must  always  think  of  the  40  deg.  air 
temperature  in  connection  with  it. 

I  also  wish  to  emphasize  one  point,  namely,  that  if  the  ultimate 

temperature  limit  is  set  at  90  deg.  cent.,  instead  of  100  deg.  cent., 

that  is,  if  90  deg.  is  to  be  the  hottest  spot  inside  the  machinCi 
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then  on  the  basis  of  cooling  air  at  40  deg.  cent.,  a  vast  majority 
of  the  apparatus  now  built  in  this  country  will  not  come  inside 
the  new  niles,  and  this  applies  in  particular  to  many  lines  of 
apparatus  which  are  now  thoroughly  successful  and  have  given 
satisfactory  service  in  every  way;  that  is,  if  we  adopt  a  90  deg. 
standard  as  proposed,  then  we  cannot  live  up  to  it  rigidly  with- 
out derating  a  great  deal  of  thorouji^hly  satisfactory  apparatus. 
This  appears  to  me  as  one  of  the  strongest  arguments  against  the 
90  deg.  ultimate  limit.  If  a  rule  or  limit  is  set  so  that  it  will 
condemn  thoroughly  satisfactory  apparatus,  then  the  limit  must 
be  wrong. 

C.  L.  de  Muralt:  Prof.  Scott  pointed  out  a  moment  ago  that 
we  are  essentially  a  professional  body.  That  is  true,  but  we  are 
a  unique  professional  body.  Many  of  our  members  are  repre- 
sentatives of  the  manufacturers.  Some  may  consider  this  as  a 
difficulty.  I  do  not  look  at  it  that  way.  I  think  that  we  can  be 
greatly  benefited  by  the  presence  of  the  manufacturers  and  by 
the  work  which  they  are  doing  to  help  us  establish  these  standard- 
ization rules.  Imagine  a  strictly  professional  body  establish- 
ing standardization  niles.     It  would  be  much  more  difficult. 

We  have  really  had  three  different  views  presented  to  us  at 
this  convention.     We  have  heard  the  manufacturer  say  along 
what  standard  lines  he  is  prepared  to  build  his  machinery  and 
guarantee  it.     We  have  heard  the  operator    state    what    he 
thought  the  manufacturer  should  do  to  help  him  buy  machinery 
for  special  conditions.     And  we  have  heard  the  consulting  engi- 
neer present  his  particular  troubles  in  bringing  the  two  together. 
As  a  matter  of  fact,  listening  in  the  background,  it  seemed  to 
me  that  all  were  pretty  thoroughly  agreed  and  I  think  we  pretty 
nearly  accept  what  Dr.  Steinmetz  and   Mr.  Lamme  suggest  to 
us.     Two  things  must  be  considered  in  order  to  satisfy  ourselves 
on  machine  rating.     One  is  the  maximum  overload  capacity. 
The  other  is  how  much  of  a  load,  continuous  or  intermittent,  will 
the  insulation  stand?     The  maximum  overload  capacity,  as  I 
understand  it,  has  not  been  touched  upon  at  all  in  this  report, 
nor  has  it  been  much  mentioned  today.     In  most  cases  it  is  a 
well  defined  point.     We  may,  therefore,  as  well  limit  ourselves 
to   the    question   of    protecting    the    insulation.     That    means 
^determining  the  temperature  beyond  which  the  insulation  will 
be  damaged,  and  that  is  what  I  understand  the  sub-committee 
reported  on.     Most  of  the  men  who  talked  on  this  subject  agreed 
that  we  want  that  temperature  laid  down  definitely.     Whether 
it  be  90  deg.  or  80  deg.,  or  100  deg.,  is  possibly  subject  to  further 
discussion,  but  I  think  most  of  us  arc  satisfied  that  90  deg.  would 
be  all  right  and  we  want  the  hottest  point  of  any  machine  to  be 
not  in  excess  of  90  deg.  if  it  is  in  touch  with  the  insulation. 

Then  the  only  question  remaining  is  the  one  brought  up  by 
the  second  paper,  namely,  how  shall  we  make  our  ratings  so  that 
the  above  point  is  actually  taken  care  of.  Many  of  us  have  come 
^  the  conclusion  that  h  is  not  well  to  have  different  ratings.     It 
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is  safer  to  have  the  maniifacttirer  rate  his  machines  for  running 
continuously,  that  is,  for  the  worst  possible  operating  condition 
from  the  point  of  reaching  maximum  temperature.  Then,  if 
a  certain  machine  is  to  be  run  under  different  conditions,  not 
continuously,  then  it  is  up  to  the  man  who  buys  that  machine, 
or  to  his  adviser,  to  find  out  how  his  particular  run  differs  from 
the  continuous  run.  This  may  reasonably  be  made  the  subject 
for  another  report  by  the  Standards  Committee,  or  possibly  it 
may  necessitate  research  investigation  by  an  independent  man 
presenting  a  paper,  showing  how  certain  specific  runs  or  typical 
nms  do  make  the  temperature  vary.  Thus  far  it  is  not  at  all 
definitely  laid  down  by  anybody,  and  simply  to  anticipate  a 
certain  number  of  typical  nms,  that  may  or  may  not  be  met  in 
actual  practise,  seems  to  me,  and  has  apparently  seemed  to 
most  of  those  who  spoke  on  the  matter,  beside  the  point. 

I  maintain  therefore  that  the  outcome  of  this  discussion  is 
that  the  Standardization  Rules  should  be  on  the  basis  of  no 
point  of  any  machines  reaching  a  higher  temperature  than  90  deg. 
after  a  continuous  run  of  sufficient  duration  to  bring  about 
maximum  temperatiu'e. 

H.  M.  Hobart:  There  have  been  intimations  that  the  manu- 
facturer had  some  object  in  this  matter  other  than  providing  for 
the  best  interests  of  the  industry.  These  intimations  were 
not  put  forth  strongly,  but  they  have  been  repeated  in  several 
quarters.  I  have  played  different  parts  in  the  electrical  industry, 
and  I  am  now  associated  with  a  certain  manufacturer,  and  I  am 
satisfied  there  is  absolutely  no  doubt  about  it,  that  the  manu- 
facturer has  no  greater  concern  than  to  get  at  the  best 
results  for  the  electrical  industry.  There  is  nothing  al- 
truistic in  this  standpoint;  it  resolves  itself  into  a  matter  of 
enlightened  concern  for  the  interests  of  the  shareholders.  The 
manufacturer  recognizes  that  it  is  a  good  investment  to  spend 
vast  sums  of  money  making  investigations,  and  he  thus  sectu^es 
special  information  which  he  gives  freely  to  anybody  who  will 
take  the  trouble  to  read  it — as  I  say  he  spends  vast  sums  to  get 
at  these  facts,  and  it  has  led  his  engineers  to  have  certain  views 
that  such  and  such  things  are  best.  They  have  arrived  at  these 
views  as  the  result  of  elaborate  tests.  If  it  can  be  shown  that 
they  are  wrong,  the  manufactiu'er  is  willing  to  at  once  change  his 
plans.  What  the  manufacturer  wants  is  to  promote  the  very 
best  interests  of  the  electrical  industry  as  a  whole,  and  he  particu- 
larly wants  dcfiniteness  in  the  matter  of  standards,  some  definite 
set  of  standards.  That  would  be  arrived  at  by  this  single  rating 
system.  If  anyone  has  a  necessity  for  using  lower  or  higher 
temperatures,  it  is  simply  a  matter  of  slide  rule  transference,  for 
him  to  decide  which  size  of  machine  he  requires.  The  matter 
is  far  simpler  than  one  would  gather  from  the  long,  though  very 
interesting,  discussion  which  we  have  had  about  it. 

B.  A.  Behrend:  I  feel  constrained  to  say  a  word  in  regard  to 
the  remarks  of  Mr.  de  Muralt  and  Mr.  Hobart.     The  relation  of 
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the  manufacturer  to  this  Institute  is  a  question  I  do  not  intend 
to  discuss.  I  do,  however,  wish  to  point  out  one  thing,  viz.,  that 
the  manufacturer  is  responsible  for  the  old  code  and  for  the  last 
edition  of  our  Standardization  Rules,  and  that  the  application  of 
these  rules  to  actual  conditions  favors  the  manufacturer.  For  in- 
stance, the  application  of  the  rules  to  the  determination  of  the 
regulation  at  100  per  cent  power  factor  would  give  4  per  cent 
regulation,  while  in  reality  the  regulation  of  the  generator  may 
be  8  per  cent.  I  shall  be  satisfied  with  this  single  reference — 
which  I  made  eleven  years  ago  before  this  Institute  while  ad- 
vocating the  same  system  of  determining  regulation  which  you 
have  now  come  to  recommend.  I  do  not  charge,  as  Mr.  Hobart's 
remarks  would  imply,  and  I  do  not  wish  to  be  understood  as 
saying  that  the  manufacturer  has  done  this  with  an  evil  intent, 
as  in  the  end  he  is  responsible  for  results,  and  if  he  sends  out  poor 
machinery  he  must,  and  does,  make  it  good. 

Comfort  A.  Adams:  It  is  absolutely  impossible  to  devise  a 
system  of  rating  which  will  take  account  of  all  kinds  of  overloads. 
The  safe  limit  of  measurable  temperature  differs  for  different 
overloads,  since  the  difference  of  temperature  between  the  hot 
spot  and  the  point  at  which  the  measurement  is  made  is  greater, 
in  a  given  machine  and  with  a  given  hot  spot  temperature,  during 
the  transient  period  of  a  short  heavy  overload  than  under  steady 
conditions,  owing  to  the  heat  capacity  of  the  insulation.  This 
is  appreciable  only  in  machines  of  comparatively  high  voltage 
and  thick  insulation. 

A,  E.  Kennelly:  It  seems  to  be  the  consensus  of  opinion  that 
a  single  rating  for  electrical  machines  is  desirable,  based  on  the 
maximum  measured  temperature  attained.  Differences  of 
opinion  enter  as  to  just  what  that  maximum  measured  tempera- 
ture should  be.  It  is  generally  admitted,  however,  that  the  maxi- 
mum internal  temperature  of  class  A  insulation  should  be  100 
deg.  cent.  That  internal  wall  temperature  is  ordinarily  inacces- 
sible, and  we  must  at  present  be  content  with  measurements  of 
the  maximum  temperature  of  the  outside  wall.  The  committee 
recommends  90  deg.  cent.,  thus  allowing  10  deg.  cent,  for  drop 
of  temperature  in  the  wall.  But  whatever  maximum  measured 
temperature  of  the  outside  insulating  wall  is  adopted  between  the 
limits,  say  of  80  deg.  and  95  deg.  cent.,  some  allowance  will  have 
to  be  made  by  electrical  engineers  in  ordering  large  machines, 
for  the  special  conditions  under  which  those  machines  are  to 
operate.  A  considerable  number  of  machines  may  be  ordered 
for  continuous  service  at  their  nominal  continuous  rating  under 
the  new  rule ;  but  many  machines  will  call  for  the  exercise  of 
reasonable  judgment.  If,  for  instance,  a  generator  is  to  be 
ordered  for  a  mill,  in  a  cold  climate,  with  the  expectation  that  it 
shall  have  to  deliver  1100  kw.  and  no  more,  for  10  hours  a  day, 
then  a  machine  of  perhaps  1000  kw.  continuous  rating  might  be 
stifficient;  whereas  if  the  generator  were  to  be  used  in  the  tropics, 
^ith  the  expectation  of  delivering  1100  kw.  ordinarily,  but  with 
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occasional  demands  for  1500  kw.,  then  a  1500-kw.  machine  might 
have  to  be  ordered.  Since,  therefore,  engineering  judgment  in 
the  selection  of  a  machine  cannot  be  avoided  on  any  basis  of 
continuous  rating,  the  exact  value  of  the  maximum  measurable 
temperature  is  of  secondary  importance.  The  matter  of  primary 
importance  is  some  one  clearly  defined  maximtmi  measured  tem- 
perature to  suit  the  average  requirement,  and  then  data  from 
which  the  maximum  internal  temperatiu^e  of  the  insulation  can  be 
predicted  for  large  or  special  machines,  from  a  given  assigned 
schedule  of  load  through  the  24  hours. 

A.  M.  Rossman:  May  I  offer  a  suggestion  which,  I  believe, 
is  in  conformity  with  the  recommendations  of  the  sub-committee  • 
on  ratings,  yet  would  meet  the  objections  raised  by  several  of 
the  operating  engineers?  The  suggestion  is,  that  the  recom- 
mendations of  the  sub-committee  be  adopted  but  that  at  the 
same  time,  a  system  of  factors  be  established  which  would  guide 
the  purchaser  in  the  selection  of  the  proper  size  of  machine  for 
the  class  of  service  it  is  to  perform. 

For  instance,  in  buying  a  new  railway  synchronous  converter 
he  would  buy  a  machine  1 . 5  times  the  rating  of  his  present  ma- 
chines, provided  his  present  machines  were  purchased  on  the  basis 
of  50  per  cent  overload  for  two  hours.  In  buying  distributing 
transformers  he  would  buy  for  the  same  duty  transformers  1.25 
times  the  rating  of  his  present  transformers.  We  are  already 
used  to  turbo-generators  rated  for  maximum  continuous  duty 
and  these  would  therefore  have  a  factor  of  1. 

I  thoroughly  believe  in  the  system  of  single  rating  because  (1) 
the  manufacturer  builds  a  machine  to  meet  one  definite  tempera- 
ture condition,  (2)  the  consulting  engineer  bases  his  acceptance 
of  the  machine  on  a  single  temperature  test,  and  (3)  the  purchaser 
has  a  common  basis  of  comparison  between  machines  of  differ- 
ent manufacture. 

C.  E.  Allen  (by  letter) :  The  paper  by  Dr.  Steinmetz  and  Mr. 
Lamme  is  of  greater  interest  at  this  time  than  most  of  us  realize, 
but  it  is  the  writer's  opinion  that  there  are  a  number  of  interesting 
phases  of  the  subject  which  they  have  not  touched  upon.  They 
state  that  the  durability  of  insulation  must  be  considered  from 
two  standpoints,  i.e. — mechanical  and  electrical.  I  believe 
they  should  have  stated  three — the  third  being  the  "  method 
of  preparing  and  applying." 

As  their  paper  is  written  more  with  a  view  to  guiding  the  future 
than  criticising  the  past,  it  seems  just  that  they  should  have 
considered  the  improved  insulation  and  methods  of  application 
in  reaching  a  conclusion  for  the  basis  of  a  recommendation. 

In  order  to  understand  more  thoroughly  the  present  and  futtire 
methods,  it  is  necessary  to  dwell  somewhat  on  the  past.  Until 
very  recently  the  methods  of  applying  insulations  in  most  of 
the  classes  of  apparatus  have  necessitated  the  insulation  being 
made  in  more  or  less  of  a  flexible  form,  which  has  resulted  in  a 
larger  amount  of  insulation  being  used  than  was  actually  neces- 
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saxy  or  desirable.  By  necessary  I  mean  that  the  uniformity  of 
the  insiilation  coxild  not  be  depended  upon  and  that,  in  order 
to  be  sure  of  a  predetermined  value,  a  greater  amount  was  used, 
"with  the  result  that  an  occasional  piece  of  apparatus  out  of  the  dif- 
ferent classes  could  be  selected  which  would  show  a  much  higher 
test  voltage  than  it  was  actually  designed  for;  yet  as  a  complete 
line  the  average  would  probably  not  exceed  the  designed  value. 
This  increased  amount  of  insulation  also  had  its  influence  on 
the  heating  of  the  apparatus  and  resulted  in  a  less  uniform  tem- 
peratiu"e  and  a  greater  maximum  temperature  of  some  one  part 
of  the  apparatus.  It  was  possible  for  this  excess  temperature 
to  var>'  considerably  in  different  pieces  of  apparatus  of  the  same 
design  and  it  was  very  possible  for  this  temperature  to  be  ex- 
cessive and  result  in  the  short  life  of  the  insulation  and  resultant 
failure  of  the  apparatus. 

This  past  practise  also  permitted  a  defect  to  be  taken  ad- 
vantage of,  in  that  where  occasional  pieces  of  apparatus  would 
stand  a  higher  test  voltage  than  designed  for,  many  times  the 
electrical  fraternity  were  led  to  believe  that  the  insulation  value 
of  a  certain  line  of  apparatus,  based  on  a  test  of  one  individual 
piece,  was  much  greater  than  the  actual  average  of  the  line,  while 
the  question  of  the  excessive  temperature  as  a  result  of  this, 
which  would  have  a  decided  influence  in  determining  the  life 
of  the  apparatus,  was  not  fully  taken  into  consideration. 

The  more  modem  methods  of  preparing  and  applying  insula- 
tion, particularly  where  mica  is  used,  have  resulted  in  the  insula- 
tion being  formed  into  a  proper  shape  and  assembled  with  the 
apparatus  in  such  a  way  as  to  ehminate  any  distortion  of  the  same, 
which  would  otherwise  be  likely  to  result  in  a  marked  decrease 
in  its  insulating  value.  With  these  new  methods,  which  also 
involve  certain  new  elements  in  holding  the  mica  together,  it 
will  not  be  necessary  or  desirable  to  use  the  excessive  amount  of 
material  that  has  been  used  in  the  past. 

While  it  may  not  be  probable  that  one  piece  of  apparatus  out 
of  a  line  can  be  selected  that  will  stand  as  high  a  voltage  as  in  the 
past,  yet  the  average  of  the  line  can  be  depended  upon,  with  a 
conresponding  reduction  in  the  maximum  temperature.  This 
will  not  necessarily  mean,  however,  a  lower  average  temperature, 
but  a  more  uniform  temperature,  resulting  in  apparatus  that  will 
have  a  longer  life. 

The  new  form  of  insulation  and  method  of  application  is  also 
more  durable  from  a  mechanical  standpoint  and  is  not  as  readily 
injured  by  the  contraction  and  expansion  of  the  copper  and  iron 
in  the  apparatus  where  it  is  used. 

While  there  is  no  question  of  a  doubt  that  the  later  methods 
^e  a  decided  improvement  and  an  advance  over  the  older  meth- 
yl yet  it  is  going  to  be  possible  from  comparative  test,  as 
formerly  pointed  out,  to  deceive  a  prospective  purchaser  and 
demonstrate  to  him,  on  the  basis  of  one  piece  of  apparatus,  that 
^c  standard  is  not  as  high  as  it  has  been  in  the  past.     It  is. 
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therefore,  very  desirable  that  that  part  of  the  electrical*  frater- 
nity representing  the  central  stations,  as  well  as  that  part  repre- 
senting the  manufacturers,  cooperate  with  the  Institute  com- 
mittee and  follow  out  its  adopted  standards. 

When  considering  that  this  organization  represents  the  fore- 
most talent  in  the  world,  its  recommendations  should  be  taken 
verbatim  and  every  central  station  and  manufactiu'er  should 
insist  upon  meeting  only  the  A.  I.  E.  E.  standard,  and  not 
permit  a  higher  value  in  one  characteristic  at  the  sacrifice  of 
another.  If  this  is  followed  out  the  result  is  going  to  be  more 
satisfactory  to  the  electrical  fraternity  as  a  whole. 

E.  A.  Wagner  (by  letter) :  If  we  were  able  to  build  up  elec- 
trical apparatus  with  homogeneous  insulating  material  through- 
out, there  would  be  no  difficulty  about  classifying  different 
electrical  apparatus  as  outlined  in  the  paper  on  "Temperature 
and  Electrical  Insulation.''  It  seems  to  me  that  it  would  be  de- 
cidedly difficult  for  anyone  to  determine  whether  some  classes 
of  apparatus  would  be  class  A,  B  or  C.  This  is  particularly  true 
of  the  proposed  class  A  and  class  B  apparatus.  Take  the  case 
of  generators  in  which  the  slot  insulation  is  made  up  of  mica 
or  asbestos,  or  equivalent  refractory  materials.  In  these  slots 
there  are  windings  made  up  of  the  cotton  covering  which  come 
under  the  class  A.  An  injury  to  the  insulation  between  turns 
would  put  such  a  piece  of  apparatus  out  of  business,  yet  would 
not  necessarily  communicate  a  ground  to  the  core.  The  same 
thing  holds  true  of  certain  makes  of  transformers.  It  might  be 
argued  that  if  there  is  any  cotton  present  at  all,  then  the  appara- 
tus belongs  to  class  A.  If  this  is  the  case,  then  it  would  seem 
that  the  classification  should  be  limited  to  two,  one  class  which 
can  bum  out,  another  class  which  cannot,  the  latter  class  repre- 
senting rheostats,  heating  elements,  etc. 

In  the  case  of  stationary  transformers,  the  paper  on  rating 
loses  sight  of  one  important  class  of  transformers  which 
I  think  should  be  considered  in  the  Standardization  Rules. 
I  refer  to  auto-transformers,  sometimes  called  compensators. 
It  has  been  the  practise  in  some  cases  to  rate  these  devices  by 
the  amoimt  of  the  work  transformed,  considering  this  as  the  out- 
put. However,  in  any  device  we  must  consider  the  output  in 
kilovolt-amperes  as  the  product  of  volts  and  amperes  de- 
livered at  the  terminals,  without  regard  to  the  work  of 
transformation  taking  place  inside  of  the  case.  It  will,  there- 
fore, be  seen  that  we  have  two  methods  of  rating  such 
a  device,  and  the  practise  has  recently  been  adopted  of  rating 
these  devices  both  in  kilovolt-amperes  transformed  and  kilovolt- 
amperes  output.  I  believe  this  method  of  rating  provides  for  the 
classification  of  the  apparatus,  both  from  the  standpoint  of 
apparent  work  done  and  actual  work  done.  One  rating  without 
the  other  can  very  readily  be  ver>'^  misleading,  and  I  think  the 
Standards  Committee  should  include  a  classification  of  this 
kind  in  the  revision  of  the  rules. 
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G,  !•  Stadeker  (by  letter) :  Although  it  is  evident  that  a  new 
system  of  ratings  is  highly  desirable  at  the  present  time,  it  is 
advisable  to  make  these  changes  slowly  instead  of  confusing 
the  vast  number  of  buyers  of  power  apparatus,  who  have  but  a 
slight  technical  training,  by  making  several  radical  changes  all 
at  the  same  time. 

The  first  step  would  be  to  change  the  method  of  rating  as  sug- 
gested in  the  paper  under  discussion  by  establishing  the  output 
on  an  ultimate  temperature,  instead  of  on  a  temperature  rise, 
basis.  But  the  suggested  change  in  rating  of  motors,  from  the 
horse  power  to  the  kilowatt  basis,  would  create  considerable 
confusion.  For  instance,  assume  a  motor-generator  set,  rated 
at  10  kw.  This  would  ordinarily  mean  that  the  generator  is  10 
kw.  There  could  be  no  misunderstanding  in  the  present  method 
of  rating.  But  under  the  proposed  system,  a  motor-generator 
set  could  be  rated  at  10  kw.  when  the  motor  driving  the  set  was 
rated  at  10  kw.,  with  the  resiilt  that  the  generator  itself  could  not 
have  a  capacity  exceeding  8J  kw.  or  9  kw.  This  is  one  possible 
sotu^ce  of  confusion. 

Another  soiu"ce  of  misunderstanding,  if  motors  are  rated  in 
kilowatts  instead  of  horse  power,  is  that  the  general  public 
would  probably  assume  that  a  one-kw.  direct-current  motor 
could  be  used  as  a  generator  to  develop  one  kw.  This  would 
not  be  true.  For  instance,  the  ampere  capacity  of  a  10-kw.,  230- 
volt  generator  is  43 . 5  amperes.  If  this  machine  operated  as  a 
motor  on  a  standard  230-volt  circuit  it  would  have  a  capacity 
of  only  43.5  amperes  at  230  volts,  whereas  a  10-kw.  230-volt 
motor  should  have  a  capacity  of  50  amperes  (assuming  an  effi- 
ciency of  87  per  cent).  The  10-kw.  generator  could,  therefore, 
be  only  rated  at  8.7  kw.  as  a  motor.  Although  the  reasons  for 
this  are  perfectly  clear  to  the  engineer,  it  would  be  confusing  to 
the  non-technical  public,  inasmuch  as  both  generator  and  motor 
are  given  the  same  rating.  This  condition  represents  an  ap- 
parent inconsistency  in  the  new  method. 

Until  the  new  system  of  temperature  ratings  has  thoroughly 
adjusted  itself,  we  should  continue  to  use  the  horse  power  as 
the  unit  of  power. 

J.  W.  Welsh  (communicated  after  adjournment) :  From  the 
standpoint  of  the  operating  engineer,  any  method  of  rating  ap- 
paratus in  which  the  full  load  continuous  output  can  be  secured 
only  at  the  expense  of  attaining  the  maximum  permissible  tem- 
perature rise,  hardly  appears  to  be  a  safe  bavSis  of  operation. 

In  eliminating  all  overload  ratings  for  continuously  rated 
apparatus  it  is  believed  that  too  radical  a  step  is  being  taken. 
There  are  certain  usages  where  this  is  less  objectionable  than 
others.  For  example,  in  a  large  generating  station  where  the 
load  is  comparatively  steady  it  is  possible  to  operate  a  machine 
continuously  at  its  maximum  rating.  At  the  other  end  of  the 
system  and  at  intermediate  points  where  the  diversity  factor  is 
lower,  the  fluctuating  nature  of  the  load  as  well  as  the  prominence 
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of  the  peaks  make  an  overload  capacity  in  the  apparattis  highly 
desirable. 

The  maximum  capacity  required  is  determined  by  the  peak. 
It  is  believed  that  for  the  same  materials  and  ultimate  tempera- 
ture in  a  given  piece  of  apparatus,  a  greater  ultimate  rating  on 
the  basis  of  a  short  peak  can  be  given,  than  would  be  permitted 
for  the  maximum  rating  on  a  continuous  full  load  basis.  In 
other  words,  a  maximum-rated  machine,  if  operated  at  less  than 
rating,  should  pull  an  overload  above  its  maximum  continuous 
rating  for  a  short  time  with  the  same  ultimate  temperature. 
Moreover,  as  brought  out  in  the  pa])er  of  Dr.  Steinmetz  and  Mr. 
Lamme,  if  the  same  ultimate  temperature  is  attained  both  with 
peaks  of  short  duration  and  for  continuous  operation,  the  life 
of  the  apparatuis  is  increased  in  the  former  case. 

A  further  objection  to  rating  up  apparatus  to  its  maximum 
continuous  output,  is  the  bad  effect  on  certain  operating  charac- 
teristics, such  as  the  starting  and  running  torque  of  motors,  the 
commutating  limit  in  d-c.  apparatus,  etc.  The  values  proposed 
for  these  are  considerably  less  than  those  which  were  guaranteed 
in  specifications  under  the  present  rules.  From  this  it  appears 
that  the  margin  of  capacity  has  been  cut  down  here  as  in  the  case 
of  temperature  rise.  In  other  words,  it  is  difficult  to  secure  good 
operating  characteristics  at  what  amounts  to  overload  on  the 
old  basis. 

The  recommendation  is  therefore  made,  that  the  full  load  con- 
tinuous rating  be  fixed  on  such  a  basis  as  will  still  permit  of 
overload  ratings  for  a  one-hour  or  two-hour  peak  in  addition  to 
the  momentary  overload.  The  ultimate  permissible  temperature 
should  then  be  adjusted  to  meet  these  ratings. 

Referring  now  to  the  report  on  Method  of  Rating  Electrical  Ap- 
/)ara/w5,  in  specifying  the  ultimate  temperature  as  the  basis  of  ra- 
ting apparatus  rather  than  the  temperature  rise,  it  is  believed  the 
exactness  of  the  s])ecified  rating  is  sacrificed.  If  the  ultimate 
temperature  is  fixed,  it  is  also  necessary  to  fix  the  temperature 
of  the  cooling  medium.  If,  for  example,  the  ultimate  tempera- 
ture is  fixed  at  90  deg.  cent,  and  the  cooling  air  at  25  deg.  cent, 
the  temperature  rise  is  65  deg.  cent.,  which  will  certainly  permit 
of  a  greater  rating  than  if  the  cooling  air  is  taken  at  40  deg.  cent., 
which  corresponds  to  a  50-deg.  rise. 

While  it  is  possible  to  measure  the  ultimate  temperature  of 
apparatus  with  a  considerable  exactness,  it  is  believed  that  the 
determination  of  the  true  temperature  of  the  cooling  medium 
will  be  found  more  difficult. 

The  temperature  of  the  cooling  medium  should  be  taken  as 
that  of  the  outside  air  when  this  is  brought  in  through  ducts  for 
cooling  purposes.  To  take  the  room  temperature  immediately 
surrounding  the  machine  a|)pears  to  be  charging  off  the  temp- 
erature rise  twice,  since  the  room  temperature  is  the  result  of 
the  fact  that  the  heat  given  off  from  the  apparatus  has  raised 
the  temperature  of  the  cooling  medium.     The  room  temperature 
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in  this  case  has  no  more  bearing  on  the  situation  than  has  the 
hot  temperature  of  the  cooling  water  leaving  a  water-cooled 
transformer. 

In  case  of  apparatus  operated  without  forced  ventilation  it  is 
obviously  unfair  to  take  the  air  temperature  in  the  immediate 
vicinity  of  the  apparatus,  since,  as  in  the  above  case,  this  repre- 
sents a  rise  in  temperature  of  the  cooling  medium  due  to  the  heat 
generated  in  the  apparatus  itself.     If  there  is  no  other  heat- 
emitting  object  in  the  room  in  which  the  apparatus  is  located, 
and  the  natural  ventilation  through  the  doors  and  windows  is 
such  that  with  the  apparatus  running  at  rated  load,  a  constant 
temperature  gradient  is  reached  within  the  room,  then  the  case 
becomes  similar  to  that  of  forced  ventilation,  the  only  difference 
being  the  rate  at  which  cold  air  is  supplied  from  the  outside. 
The  temperature  within  the  room  will  of  course  vary  at  different 
points,  being  hottest  near  the  apparatus  and  coolest  at  the  doors 
or  windows.     In  this  case  also,  it  is  believed  that  the  temperature 
of  the  cooling  medium  should  be  that  of  the  incoming  air  as 
measured  within  the  room,  near  the  doors  and  windows. 

Edmund    C.    Stone    (communicated    after    adjournment): 
Operating  men  cannot  take  too  much  to  heart  the  fact,  so  clearly 
brought  out  in  the  paper,  that  each  overload  producing  an  exces- 
sive temperature   materially   weakens   the   insulation   of   the 
machine  and  shortens  its  life  by  a  perfectly  definite  amount. 

AVhile  the  gradient  of  10  to  15  deg.  of  the  hottest  parts  above 
the  rise  obtained  by  conventional  methods  is  sufficient  for  ma- 
cHines  of  the  best  design,  many  manufacturers  are  offering  ap- 
pao^tus  having  the  same  temperature  guarantees  but  much  less 
ventilation.  A  piu^chaser,  therefore,  is  not  always  protected  by 
a-  measurement  of  rise  by  the  usual  methods — he  must  either 
^otually  measure  the  temperature  of  the  hottest  parts  of  the 
'"^^chine  or  be  able  to  judge  fairly  accurately  the  value  of  the 
ventilation  actually  provided. 

Machines  in  the  past  have  been  so  liberally  designed  that  they 
^^ve  actually  been  good  for  a  continuous  load  much  above  their 
^^ting.     It  is  now  possible  to  predetermine  the  performance  of 
^  ^ven  design  far  more  closely  than  in  the  past.     Hence  machines 
^ow  put  out  come  very  close  to  the  guaranteed  rise.     If,  under 
^Hese  conditions,  the  full-load  guaranteed  rise  is  made  the  maxi- 
mum safe  rise  of  the  machine,  it  is  obvious  that  the  customer  will 
^ot  get  as  much  for  his  money  as  heretofore. 

Regarding  the  question  of  a  single  rating,  it  seems  to  me  that 
^n  addition  to  the  rating  the  manufacturer  should  furnish  a 
**  lime-overload  *^  curve,  showing  the  length  of  time  that  a 
Machine  can  carry  various  overloads. 

This  is  of  supreme  importance  tecause  of  the  sharp  peaks  that 
are  a  pharacteristic  of  many  types  of  commercial  load.  For  in- 
stance, one  substation  has  a  one-hour  peak  35  per  cent  in  excess 
of  its  normal  load,  during  three  months  of  the  year  only.  It 
Would  be  needlessly  extravagant  to  buy  for  this  station  apparatus 
having  a  continuous  rating  equal  to  this  peak. 
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For  such  reasons  as  this  it  is  impossible  for  any  operating  man  to 
use  his  apparatus  economically  unless  he  has  a  good  knowledge 
of  its  heating  characteristics. 

William  F.  Dawson  (commimicated  after  adjournment): 
Considerable  timidity  has  been  expressed  over  the  recommenda- 
tion of  Dr.  Steinmetz  and  Mr.  Lamme  to  establish  a  maximtun 
measurable  temperature  of  insulation  made  from  organic 
materials,  as  90  deg.  cent.  The  testimony  of  Messrs.  Steinmetz 
and  Lamme,  frequently  repeated,  that  they  have  found  this  a 
conservative  limit  should,  in  view  of  their  great  experience, 
satisfy  most  critics. 

Their  recommendation  is  to  a  large  extent  supported  by  most 
exhaustive  and  interesting  tests  made  at  the  National  Physical 
Laboratory,  Teddington,  London,  for  the  Engineering  Standards 
Committee  (British),  in  a  paper  entitled  "  Report  on  Tempera- 
ture Experiments  ''  and  read  by  Mr.  Raynor  and  Dr.  Glazebrook 
before  the  Institution  of  Electrical  Engineers,  March,  1905. 

Attention  is  also  directed  to  a  paper  on  "  Temperature  Curves 
and  Rating  of  Electrical  Machinery  "  read  at  the  same  meeting 
by  Mr.  Rudolph  Goldschmidt,  both  papers  containing  illumina- 
ting information  on  the  subjects  discussed. 

The  writer  agrees  with  the  sub-committee  report  in  regard  to 
heating  of  commutators,  but  would  point  out  that  the  commutator 
connections  of  many  machines,  especially  those  of  generators 
direct-connected  to  low-speed  engines,  and  even  on  many  motor- 
generator  sets  and  synchronous  converters,  are  of  such  length 
that  the  nature  of  the  armatiu*e  insulation  can  be  happily  ignored 
in  placing  limits  on  commutator  heating. 

When  carbon  brushes  were  first  introduced  on  machines  which 
had  previously  been  supplied  with  copper  brushes,  commutator 
radiating  siuf  ace  was  restricted  and  the  temperature  rise  of  55 
deg.  cent,  on  the  commutator  was  usually  guaranteed  and  ac- 
cepted, and  proved  satisfactory. 

The  recommendation  of  the  sub-committee  in  regard  to  bear- 
ings is  endorsed,  and  it  is  particularly  pointed  out  that  bearings, 
and  bearing  oil,  can  be  operated  at  much  higher  temperatures 
than  generally  supposed.  High  temperatures  are  practically 
essential  to  the  operation  of  high-speed  turbine  bearings,  as  the 
friction  decreases  with  increase  of  temperature.  With  properly 
designed  bearings  and  suitable  oil  and  oiling  system  100  deg. 
cent,  may  be  considered  a  perfectly  safe  temperature  limit. 

The  fields  of  maximum-rated  turbo-alternators  are  so  designed 
that  if  50  per  cent  overload  at  standard  fractional  power  factor 
is  applied  the  voltage  must  fall  below  normal.  This  is  desirable, 
as  otherwise  there  will  be  a  tendency  to  damage  the  machine 
from  overloads.  The  writer  suggests  that  the  "  reason  to  be  " 
of  the  50  per  cent  overload  stipulation  and  its  period  are  debat- 
able. It  would  seem  desirable  to  allow  this  overload  to  permit 
the  starting  of  additional  machines,  in  case  of  sudden  and  unex- 
pected demand  for  extra  current  such  as  occurs  in  certain  localities 
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from  a  sudden  thunder-storm  or  fog.     He  questions  if  60  seconds 
is  quite  sufficient;  2^  or  3  minutes  would  seem  more  appropriate. 
The  absence  of  overload  guarantees  except  as  suggested  above 
is  exceedingly  appropriate  with  modem  high-speed   machines, 
particularly  of  moderate  voltage,  as  the  rapid  movement  of  air 
notably  reduces  the  thermal  **  surface  drop  "  and  makes  pos- 
sible the  comparatively  high  loading  of  the  copper  conductors. 
Conditions,  however,  are  different  on  comparatively  low-speed 
machines,  such  as  for  direct  connection  to  steam  engines,  gas 
engines  and  low-speed  water  wheels.     Here  the  surface  drop  is 
not  reduced  to  the  same  extent  and  consequently  for  continuous 
operation  the  conductors  cannot  be  given  the  same  loading  and, 
therefore,  have  a  considerable  reserve  of  thermal  capacity  so  that 
it  would  be  appropriate  to  discuss  short  time  overloads,  say  of 
half  an  hour,  or  an  hour. 

The  writer  endorses  the  Committee's  recommendation  to  rate 
alternating-current  generators  in  kilovolt-amperes  rather  than 
in  kilowatts.  He  would,  however,  point  out  that  many  turbo- 
alternators  have  their  capacity  limited  by  the  field,  and  that,  as 
even  at  80  per  cent  power  factor  the  field  current  for  kilovolt- 
ampere  rating  has  not  reached  maximum  value,  the  power  factor 
should  always  be  specified.  The  field  current  at  power  factors 
varying  from  100  to  0,  (kv-a.  remaining  constant)  for  three 
^}'pical  tiu-bo-altemators,  is  indicated  by  the  following  table: 


Power  Factor 

Field  Amperet 

Etample  I: 

100  1 

per  cent 

103.2 

90 

122.9 

80 

129.2 

60 

136.8 

0 

143.5 

Eumple  11: 

100 

86 

90 

101.3 

80 

106.9 

(K) 

113.0 

0 

118.5 

Hiampl?  Ill 

100 

61.3 

90 

73.6 

80 

77.6 

.  60 

82.0 

0 

86.5 

SxTichronous  converters  are  susceptible  to  additional  heating 
^rom  wattless  currents,  and  when  intended  for  use  in  part  as 
^>Tichronous  condensers  the  requirements  should  be  carefidly 
specified. 

Philip  Torchio  (communicated  after  adjournment):  In  con- 
fonnity  with  the  understanding  at  the  meeting  of  February  26 
^hat  certain  parties  should  submit  in  writing  their  further  com- 
ni^ts  on  the  proposed  revision  of  rules  and  rating,  I  beg  to 
s>tate  the  following: 
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There  seems  not  to  have  been  any  substantial  difference  of 
opinion  upon  the  question  of  substituting  a  single  rating  in  place 
of  a  normal  load  rating  with  overloads,  provided  the  rating  were 
sufficiently  conservative.  From  the  discussion  at  the  meeting 
it  developed  that  there  is  a  substantial  discrepancy  in  the  re- 
commendations of  the  two  sub-committees. 

Messrs.  Steinmetz  and  Lamme's  committee  recommended  "  a 
maximum  rise  of  temperature  of  50  deg.  cent,  by  conventional 
methods  of  measurement  or  60  deg.  cent,  at  the  hot  spots,^'  the 
difference  of  10  deg.  cent,  being  due  to  temperature  grading  in 
insulation.  On  the  other  hand,  the  committee  on  revision  of 
rating  recommended  *^  a  maximum  rise  of  50  deg.  cent,  at  the 
hot  spotSy^'  which,  in  accordance  with  the  previous  report,  would 
be  equivalent  to  40  deg.  cent,  rise  by  conventional  methods. 

As  everybody  seems  to  agree  that  this  difference  of  about  10 
deg.  cent,  between  conventional  measurements  and  actual  temp- 
erature at  hot  spots  (temperature  grading)  is  about  representative 
of  actual  conditions,  and  as  it  appeared  from  the  discussion  that 
it  is  almost  impossible,  except  for  a  very  expert  engineer,  to 
locate  the  hot  spots,  therefore,  I  do  recommend  that  the  conven- 
tional methods  of  measurement  be  retained  and  that  40  deg.  cent, 
be  the  maximum  rise  of  temperature  allowable  by  conventional 
methods  and  50  deg.  cent,  at  the  hot  spots. 

In  other  words,  the  standard  rating  should  be  based  on  con- 
ventional methods  of  measurement  of  temperature,  as  the  ordinary 
customer  would  not  be  in  a  position  to  check  the  rating  of  his 
apparatus  if  the  elusive  hot  spots  arc  to  be  the  basis  of  rating. 

In  conclusion,  I  therefore  recommend  that,  to  safeguard  the 
interests  of  the  general  consumer  of  electrical  power,  the  Insti- 
tute's standard  rating  be  based  on  40  deg.  cent,  rise  above  room 
temperature,  the  measurements  to  be  made  by  any  of  the  present 
conventional  method s,  also  that  the  machine  is  to  operate  at  any 
room  temperature  up  to  50  deg.  cent,  without  making  any  tem- 
perature correction  in  determining  the  rise  and  that  50  +  40  =  90 
deg.  cent,  be  the  maximum  total  temperature  at  which  machine 
be  operated. 


k  HHt  prtunUd  at  the  Uidwiuttr  ContiH- 
tm  of  tkt  Amtrican  Institute  of  EUctrical 
Rupnurs,  New  York,  February  26.  1013. 

Copyright,  1913.     By  A.  I.  B.  B. 


NOTES  ON  INTERNAL  HEATING  OF   STATOR    COILS 


BY  R.   B.  WILLIAMSON 


In  the  design  of  alternating-current  generators,  close  inherent 
regulation  was  formerly  considered  desirable,  and  the  output 
was  frequently  limited  by  regulation,  rather  than  by  heating. 
However,  with  the  general  introduction  of  automatic  voltage 
regulators,  close  regulation  has  become  less  important,  and  for 
some  classes  of  generators  it  is  now  recognized  that  it  may  even 
be  very  undesirable.  This  is  so  in  high-speed  machines  of  large 
output,  in  which  low  reactance  is  undesirable  on  account  of  the 
excessive  current  set  up  in  case  of  accidental  short  circuit.  The 
tendency  is  therefore  towards  machines  having  relatively  poor 
inherent  regulation,  and  the  limiting  output  of  such  is  fixed  by 
the  allowable  temperature  rise.  It  is  also  becoming  common 
practise  to  rate  generators,  ])articularly  those  for  connection  to 
steam  or  water  turbines,  on  a  maximum  basis;  usually  on  the 
output  that  can  be  delivered  continuously  with  a  maximum 
temperature  rise  of  50  deg.  cent.  The  tendency  is  to  place  the 
seating  Hmit  at  the  maximum  point  to  which  the  machines  can 
^  operated  safely  for  continuous  service,  thus  getting  the 
°^aximum  output  possible  from  a  given  investment  in  generating 
"machinery. 

Assuming  the  limit  of  output  to  be  fixed  solely  by  heating  con- 
siderations, the  question  arises  as  to  what  maximum  tempera- 
ture is  allowable,  and  to  which  part  of  the  machine  it  should  refer. 
Rotor  coils  on  a-c.  generators  can,  if  necessary,  be  insulated 
^ely  to  withstand  maximum  internal  temperatures  as  high  as 
150  deg.  cent,  by  using  mica,  asbestos  or  similar  material.  The 
excitation  voltage  is  not  high  and  the  coils  are  usually  of  such 
^pe  that  this  kind  of  insulating  material  can  be  applied  in  such 
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manner  as  to  make  a  good  mechanical  job.  With  stator  coils  it 
is  often  difficult  to  use  these  materials  by  themselves  on  accoimt 
of  the  relatively  high  voltage  and  also  because  of  the  irregular 
shape  of  the  windings.  Hence  stator  coil  insulation,  in  most 
cases,  contains  more  or  less  cellulose  material,  such  as  cotton  tape, 
treated  cloth,  etc.  Opinions  differ  as  to  the  maximiun  tempera- 
ture at  which  such  material  can  be  operated  continuously  with- 
out deterioration,  but  a  maximum  ultimate  temperatiu'e  of  100 
deg.  cent,  in  the  hottest  part  may  be  taken  as  the  limit.  It  should 
be  noted  in  passing  that  metal  parts  of  a  generator,  not  in  con- 
tact with  the  coils,  as  for  example  the  back  of  the  punchings, 
pole  tips,  etc.,  might  attain  a  temperature  considerably  in  excess 
of  100  deg.  cent,  without  endangering  the  machine  in  any  way. 

Assuming  the  limit  of  output  to  be  such  that  no  part  of  the  stator 
insulation  shall  exceed  a  certain  temperature,  it  is  important  that 
the  designer  should  be  able  to  make  a  reasonably  accurate  esti- 
mate of  the  maximum  temperature.  Thermometer  measurements 
on  machines  under  test  give  the  temperature  of  the  outside  of  the 
coils  and  the  surrounding  parts.  Measurements  of  temperatiu^ 
by  resistance  give  the  average  temperature  of  the  copper  but  do 
not  give  the  maximum  temperature  unless  the  coil  happens  to  be 
heated  uniformly  throughout  its  length.  In  machines  having 
narrow  cores,  measxu*ed  parallel  to  the  shaft,  considerable  heat 
will  flow  along  the  copper  to  the  projecting  ends  of  the  coils,  which 
are  usually  cooler  than  the  part  in  the  slot.  On  the  other  liand, 
in  machines  such  as  turbo-generators  and  high-speed  waterwheel 
units  of  large  output,  having  very  long  cores,  a  much  smaller 
proportion  of  this  heat  will  pass  from  the  part  of  the  coil  located 
in  the  middle  of  the  machine  out  towards  the  ends.  Consequently 
most  of  the  heat  liberated  from  the  copper  in  the  slot  in  the  central 
part  of  such  machines,  should  be  considered  as  passing  through 
the  insulation  into  the  immediately  surrounding  parts.  The 
highest  temperature  will  thus  be  on  the  copper  inside  the  coil  and 
near  the  central  part  of  the  generator.  This  temperature  cannot 
be  measured  by  taking  the  increase  in  resistance  of  the  whole 
winding,  and  it  is  neither  safe  nor  ad\'isable  to  use  temperature 
coils  inside  the  insulation  of  the  windings  on  account  of  the 
danger  of  insulation  breakdowns  and  also  risk  in  taking  observa- 
tions. These  temperature  coils  would  be  directly  in  contact  with 
the  high-voltage  winding,  and  therefore  a  source  of  danger  under 
regular  operating  conditions.  However,  the  temperature  of.  the 
surrounding  parts  immediately  outside  the  coil  is  easily  obtained 
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by  thennometers  or  temperature  coils,  and  if  the  temperature 
difference  between  copper  and  iron  can  be  calculated,  the  safe 
operating  temperature  for  the  outside  of  a  coil  in  any  given  case 
can  easily  be  fixed. 

It  is  therefore  very  desirable  to  have  some  means  of  pre- 
determining this  temperature  difference,  provided  the  method 
can  be  depended  upon  to  give  results  close  enough  for  the  purpose. 
It  is  with  the  object  in  view  of  bringing  out  discussion  and  results 
obtained  by  others  that  the  following  is  offered. 

The  temperature  difference  between  the  copper  inside  a  coil 
and  the  medium  with  which  the  outside  is  in  contact,   depends 
on  the  rate  at  which  heat  is  transmitted  per  unit  area  of  insulating 
wall,  the  thickness  of  the  wall,  and  the  heat-conducting  proper- 
ties of  the  insulation.    A  knowledge  of  the  heat  conductivity  of 
various  kinds  of  instdation  as  used  in  generators  must  therefore 
form  the  basis  of  calculation  of  this  temperattire    difference. 
Table   I   shows   average   values   from   tests  made  by  Mr.   T. 
S.  Allen,  and  used  by  the  writer,  during  the  past  two  or  three 
years.    Tests  on  various  materials  have  been  recently  published 
by  Mr.  H.  D.  Symons  and  Mr.  Miles  Walker\  and  some  of  their 
results  are  given  in  Table  II. 

It  will  not  be  necessary  for  the  present  purpose  to  describe 
in  detail  the  methods  used  for  measuring  the  thermal  conduc- 
tivity of  the  different  materials,  except  to  state  that,  in  general, 
a  given  amount  of  power  was  passed  through  a  known  area  of 
insulating  material  and  the  difference  in  temperature  between  the 
two  sides  of  the  wall  observed.  The  specific  thermal  conduc- 
tiN'ity  was  then  expressed  in  watts  per  square  inch  per  one  deg. 
cent,  difference  in  temperature  per  one  inch  (2.54  cm.)thickness 
of  wall.  This  conductivity  coefficient  is  here  denoted  by  kt. 
It  was  foimd  in  the  tests  by  Messrs.  Symons  and  Walker  that  cel- 
lulose materials,  such  as  cotton,  i)aper,  etc.,  had  a  considerable 
temperature  coefficient.  For  example,  the  conductivity  at  100 
deg.  cent,  was  about  12  per  cent  higher  than  at  30  deg.  cent. 
On  the  other  hand,  the  heat  conductivity  of  mica  was  found  not 
to  change  between  20  deg.  cent,  and  100  deg.  cent. 

Assuming  that,  within  the  range  of  thickness  used  for  slot 
insulations,  the  temperature  difference  is  directly  proportional 
to  the  thickness  of  wall.  Fig.  1  shows  the  relation  between  watts 
j>er  square  inch  transmitted  through  the  insulation,  and  tempera- 

I.  HuroM  I).  Symons  and  Miles  Walker,  Journal  I.  K.  £.,  Vol.  48,  May 
1912. 
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ttire  difference  for  one-inch  thickness.  It  is  to  be  expected  that 
the  values  of  kt  will  vary  considerably  for  different  samples  of 
similar  material,  but  Tables  I  and  II  show  that,  even  though  the 
tests  were  made  by  different  observers  by  somewhat  different 
methods,  and  on  materials  that  doubtless  varied  considerably, 
the  results  agree  quite  well.    With  a  sufficient  number  of  tests 


TABLE  I 


Description 


Value  of  kt 

Watts  per  sq.  in.  per  1  deg.  cent. 

per  1  in.  thickness 


1 .  Horn  fiber 

2 .  Fish  paper 

3.  Empire  cloth  (not  impregnated) 

4 .  Empire  cloth  (impregnated) 

5.  Flexible  mica  (not  impregnated) 

6.  Flexible  mica  (impregnated) 

7.  ll.(X)0-volt      insulation      (mica      and 

empire  cloth  not  impregnated) 

8.  Same  as  7.  impregnated 


0.00186 
0.00175 
0  00362 
0.004.32 
0.00207 
0.00255 

0.00318 
0.00432 


TABLE  II 


Description 


Value  of  kt 
Watts  per  sq.  in.  per  1  deg.  cent, 
per  1  in.  thickness 


(Symons  and  Walker.) 

I. 

Varnished  cloth  tightly  wrapped  .... 

0.fH)634 

2. 

Presspahn  untreated 

0.0042 

3. 

Rope  paper  untreated 

0  00292 

4 

Rope    paper    treated    with    Sterling 

varnish 

0.0042 

5 

FuUerboard  varnished  ' 

0 . 0035 

6. 

Empire     cloth  and    mica — alternate 

layers  tightly  wound 

0  0053 

7. 

Empire  cloth,  mica  and  tape  contain- 
ing air  spaces  (see  test  on  turbo- 

Benerator  referred  to) 

0.0037 

8. 

Built  up  micanitc  tube  v\ith  about  19 

per  cent  shellac   

0  0026 

9. 

Built  up  micanitc  tube  with  about  11 

per  cent  shellac 

0  0031 

10. 

Solid  mica  plate 

0  00915 

on  a  given  class  of  material,  there  should  be  no  difl&culty  in 
obtaining  the  value  of  kt  closely  enough  for  the  purpose  in  view. 
Fig.  1  shows  very  plainly  the  relatively  poor  heat  conducting 
properties  of  air.  For  still  air  the  value  of  ki  may  be  taken  as 
0.00052.  Thus  a  layer  of  air  one  mil  tliick  may  retain  the 
heat  as  much  as  10  mils- of  insulation.    The  great  imj>ortance 
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of  excluding  air  from  the  insulating  wall  and  the  desirability  of  a 
snug  fit  between  the  coils  and  iron  are  apparent.  In  estimating 
the  temperature  difference  between  copper  and  iron,  any  air 
spaces  present  must  be  allowed  for  in  determining  the  heat  con- 
ductivity of  the  wall  as  a  whole. 

The  effect  of  minute  air  spaces  is  also  shown  by  the  tests  on 
the  various  materials.  The  sample  of  solid  i)late  mica  showed  a 
high  conductivity,  while  various  kinds  of  built-up  mica  had  re- 
latively low  conductivity.  Empire  cloth  (oiled  cambric)  is  much 
better  than  mica  as  a  heat  conductor,  principally  because  the 
small  air  spaces  arc  well  filled  with  varnish.     In  every  case,  im- 


.1 


.4  .5  .6 

WATTS  PER  SQ.  IN. 

Fig.  I 


.1 


.8 


.10 


pregnatinj^  a  sample  improved  its  conductivity,  the  increase  in 
some  cases  amounting  to  25  per  cent,  on  account  of  elimination 
of  air  spaces. 

With  a  knowledge  of  the  conducting  properties  of  the  various 
niaterials  making  up  a  given  insulation,  together  with  the  thick- 
ness of  the  layers,  including  such  air  clearance  as  may  be  present, 
a  value  of  ki  for  the  composite  wall  can  be  determined.  Consider- 
uig  a  slot  section  as  in  Fig.  2,  we  will  assume  that  this  one  inch 
running  length  of  imbedded  coil  is  located  in  the  center  of  the 
machine  and  that  all  the  heat  liberated  in  the  c(jpi)er  has  to  find 
Its  way  out  through  the  insulation  to  the  immediately  surround- 
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ing  iron  parts.  That  is,  we  will  assume  the  worst  conditions  found 
in  a  long  machine  where  little  heat  can  pass  from  this  part  to  the 
projecting  ends  of  the  coils.  In  a  two-layer  arrangement  as  shown 
in  Fig.  2,  the  heat  liberated  in  2  may  be  different  from  that  in  1 
on  account  of  the  difference  in  eddy  current  loss.'  Also  the  surface 
through  which  the  heat  passes  to  the  iron  is  greater  for  1  than  for 
2,  since  1  has  three  faces  in  contact  with  the  iron,  while  the  other 
has  but  two.  The  face  of  2  next  to  the  insulating  wedge  will  not 
be  considered,  since  the  wedge  is  usually  a  very  poor  heat  con- 
ductor and  has  considerable  thickness. 

T   ^  -n         '  .  r  0.895    ,  inch 

Let  r  =  specific  resistance  of  copper  =   — r^r^    ohm  per ; — r-. 


at  100  deg.  cent.,  or 


0.83 


10« 


at  75  dog.  cent. 


^  .L 


-T 


Fig.  2 

A  =  cross-section  of  conductor  in  sq.  in. 
/  =»  current  in  conductor — amperes. 
Nc  =  number  of  conductors  per  half  slot  =  number  of 

turns  per  coil  in  Fig.  2. 
N  =  number  of  conductors  per  slot. 
ke  =  factor  by  which  eddy  P  R  loss  is  to  be  multiplied 

to  allow  for  eddy  currents. 
kt  =  thermal  conductivity  of  insulating  wall  including  air 

clearance  (watts  per  sq.  in.  per  deg.  cent,  per  one 

inch  thickness.) 
/i  =  thickness  of  insulating  wall  in  inches  measured  from 

copper  to  iron  and  including  clearances. 


2.  A.  B.  Field,  Transactions  A.  I.  E.  E..  1905,  Vol.  XXIV.  page  761. 
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K  =  ampere  conductors  per  inch  of  stator  circumference. 

W  =  width  of  slot. 

D  =  effective    depth    of    slot    (not    includinj^    retaining 
wedge.) 

S  =  current  density  in  conductor,  am])cres  i)cr  sq.  in. 

T  =  slot  pitch  in  inches. 

w  =  mean  width  of  coil  in  inches  measured  to  center  of 
insulation. 

d  =  mean  depth  of  half  coil  measured  to  center  of  insula- 
tion. 

Ti  =  difference  in  temperature,  deg.  cent. ,  between  copper 
and  outer  surface  of  coil. 
Considering  one  inch  running  length  of  coil,  the  loss  including 
eddy  currents  will  be 

r  P  N  k 
Watts  per  one  inch  length  of  coil  = _1— '_  (i) 

the  factor  kg  being  selected  to  suit  the  part  of  the  winding  under 
consideration. 
The  mean  surface  through  which  this  heat  passes  is 

for  1  =  2  J  +  w;  sq.  in. 
for  2  =  2  J  sq.  in. 


Hence  for  1 


and  for  2 


rp     ^_I     _^'^*_*_  (n\ 

^'~    A  \2d+Wk,  ^^' 


^'  =  — 2Tdh —  ^'^ 


-j-  =current  density  in  stator  conductor  (amperes  per  sq.in.)  =5 
Hence  (2)  and  (3)  mcvy  be  written 


^    r  /  5  Nc  ke  ti  ,. 


,y,  f    I      O     iS  C    Kg    ti  r-v 

^' 2  Jk.  '  (*^ 
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For  most  cases  it  will  be  sufficiently  accurate  to  treat  the  slot 
and  coil  as  a  whole  and  take  the  area  through  which  the  heat 
passes  as  2  D  +  W.    The  temperature  difference  then  becomes 

^   ^      r  N I S  kgtj  .g. 

'^         {2D+W)k,  ^^ 

In  high-voltage  machines  using  a  small  conductor,  or  in  others 
where  the  design  is  such  as  to  limit  eddy  currents  to  a  small 
amount,  the  factor  kt  can  be  omitted. 

In  (6) ,  A'^  /  =  ampere  conductors  per  slot  =  ampere  conductors 
per  inch  X  slot  i)itch,  and 


(2D+  W)k 


t 


It  is  interesting  in  (7)  to  note  the  various  items  on  which  the 
temperature  difference  Td  depends.  For  a  generator  of  specified 
voltage  and  with  given  insulating  materials  available,  the  values 
of  ti  and  kt  are  practically  fixed  within  rather  narrow  limits. 
The  designer  must  therefore  pn ^portion  the  slots  and  fix  the  cur- 
rent density  5  in  relation  to  the  specific  loading  K  in  such  manner 
that  Td  will  be  within  the  allowable  limits.  The  permissible 
value  of  Td  will  depend  on  the  ultimate  temperature  of  the 
surrounding  parts.  Thus  for  a  maximum  internal  temperature 
of  100  deg.  cent,  and  a  maximum  rise  on  the  iron  of  50deg.  cent., 
the  outside  coil  temperature  would  be  75  deg.  cent,  with  surround- 
ing air  at  25  deg.  cent.;  Td  in  this  case  therefore  should  not 
exceed  25  deg.  cent. 

On  the  other  hand,  if  the  design  is  such  that  the  temperatiu'e 
rise  on  the  iron  is  only  40  deg.  cent  under  these  conditions,  Td 
could  be  35  deg.  cent,  for  the  same  internal  temperature  of  100 
deg.  cent. 

In  (7)  it  should  be  noted  that  the  smaller  the  slot  pitch  r  the 
lower  will  be  the  value  of  Td,  other  things  remaining  constant. 
That  is,  the  more  the  winding  is  subdivided  the  better  the  condi- 
tions are  as  regards  internal  heating.  However,  there  is  a  limit 
to  which  subdivision  can  be  carried  without  making  machines 
unduly  large  and  expensive,  and  unfortunately  this  is  specially 
the  case  in  high- voltage  generators  where  the  thickness  of  insula - 
twg  wall  is  reliUively  laxge.    The  internal  heating  of  high-voltage 
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coils  thus  becomes  a  difficult  matter  to  handle,  especially  in 
large  turbo-generators,  and  it  is  frequently  desirable  to  wind 
such  machines  for  lower  voltage  and  use  steiJ-up  transformers. 
In  high- voltage  units,  the  value  of  Td  may  be  surprisingly  large 
if  care  is  not  taken  to  keep  the  current  density  and  specific  load- 
ing within  such  limits  that  the  area  of  insulation  in  contact  with 
the  iron  can  transmit  the  heat  without  excessive  temperature 
difference. 

As  regards  the  values  of  Td  obtained  by  the  method  here  out- 
lined, tests,  so  far  as  they  have  been  made  by  the  writer,  indicate 
that  the  calculated  difference  can  be  depended  on  within  limits 
close  enough  for  the  purpose.  The  calculations  regarding  this 
lempyerature  difference  are  also  very  useful  in  comparing  the 
merits  of  different  designs. 

In  one  case  a  6000-kw.  waterwheel  generator  having  a    core 
3t)  in.  (91.2  cm.)  long  was   tested   as  follows.    A  temperature 
coil  was  placed  in  contact  with  the  copper  before  the  stator  coil 
was  insulated.    This  temperature  coil  was  placed  at  the  center 
of  the  machine  and  in  the  part  of  the  stator  coil  lying  in  the  top 
of  the  slot  next  to  the  inner  periphery  of  the  stator.    Another 
temperature  coil  was  placed  outside  the  insulation  so  that  the 
difference  in  the  readings  allowed  the  value  of  Td  to  be  deter- 
mined.   The  machine  was    run   on   short   circuit  at   about  25 
per  cent  current  overload  until  temperatures  became  constant. 
Under  these  conditions,  the  two  temperature  coils  indicated  a 
temperature  difference  of  19.5  deg.  cent.     The  insulation  con- 
sisted  of  a  combination  of  mica    and   empire   cloth,  the  value 
0^  ii  being  0.003.     The  various  constants  in    this  case  were  as 
follows: 

•  0  83 

r  =  (for  75  deg.  cent.)     -  ^-  ohms 

/  =  470     S  =  1675     Nc  =  2     k,  =  1.05 
/i  =  0.15  including  clearance,    d  =  1.62  in.     ki  =  0.003 

From  (6) 

r^  ^  0.83  X  470  X  1675  X  2  X  1.05  X  0.15   ^  o.  .    , 

2  X  1.62  X  0.005  X  10*  ^^*  ' 

or  1.6  deg.  cent  higher  than  the  observed  temperature  difference , 
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In  the  tests  by  Messrs.  Symons  and  Walker,  already  referred  to 
temperature  coils  were  placed  in  a  5000-kw.  turbo-generator  and 
the  observed  value  of  Td  was  20.6  deg.  cent,  between  copper  and 
iron  in  the  slot.  The  loss  per  inch  (2.54  cm.)  length  of  coil  was 
2.26  watts,  making  due  allowance  for  eddy  currents.  The  mean 
area  through  which  the  heat  passed  was  5.3  sq.  in.  (34.2  sq.  cm.), 
thus  giving  0.427  watt  per  sq.  in.  (0.066  sq.  cm.).  The  thickness 
of  insulating  wall  was  0.177  in.  (4.5  mm.)  and  kt  thus  works  out 
at  0.0037,  which  checks  very  well  with  the  values  found  for  similar 
material  when  tested  in  the  form  of  samples. 

The  writer  has  other  tests  on  machines  at  present  imder  way, 
but  these  will  not  be  completed  in  time  for  the  present  discussion. 
As  mentioned  above,  the  problem  of  internal  heating  is  of  most 
importance  in  long  high-voltage  machines  such  as  ttu'bo-genera- 
tors.  In  case  the  imbedded  part  is  insulated  with  mica  or  similar 
heat-resisting  material,  or  if  fabric  material  in  combination  with 
the  mica  is  used  simply  as  a  binder  and  not  depended  on  for 
insulation,  a  maximum  internal  temperature  of  150  deg.  cent, 
might  be  allowable.  With  a  maximum  rise  of  50  deg.  cent,  on 
the  iron,  and  with' air  at  25  deg.  cent.,  this  would  allow  a  value 
of  Td  as  high  as  75  deg.  cent,  for  this  class  of  insulation.  In  any 
event,  no  matter  what  kind  of  insulation  is  used,  or  what  the 
allowable  value  of  Td  may  be,  it  is  highly  desirable  that  the 
internal  temperature  be  predetermined  as  closely  as  possible  and 
limited  to  such  value  that  deterioration  under  long-continued 
heating  will  be  avoided. 
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MEASUREMENT   OF   TEMPERATURE    IN    ROTATING 

ELECTRIC  MACHINES 


BY    L.    W.    CHUBB,    E.    I.    CHUTE    AND    O.    W.    A.    GETTING 


Intrgductign 

In  some  late  papers*  it  has  been  pointed  out  that  it  is  not  the 
rise  of  temperature,  but  the  ultimate  temperature  to  which  the 
insulation  of  electric  machines  may  be  subjected,  that  is  the  real 
limitation  in  the  operation  of  such  machines.  Therefore,  in  the 
measurement  of  temperatures  of  electric  machines,  it  is  the  tem- 
perature to  which  the  insulation  is  subjected,  and  not  that  of  the 
copper  and  iron,  which  is  desired. 

In  most  cases,  direct  measurements  of  the  temperature  of 
the  insulation  in  the  hottest  portion  of  the  machine  are  prac- 
tically impossible;  in  order  to  obtain  reliable  results  of  such 
temperatures,  it  is  necessary  to  measure  some  adjacent  tempera- 
tures and  frGm  these  derive  the  desired  results.  The  accuracy 
of  such  tests  will  depend,  oi  course,  upon  the  temperature  measur- 
ing de\-ice,  its  nearness  to  the  point  to  be  measured  and  a  knowl- 
edge of  the  temperature  gradient  between  the  point  measured 
and  the  point  at  which  the  temperature  is  desired.  In  estimating 
the  temperature  gradient,  it  is  necessary  to  consider  the 
sources  of  heat,  the  direction  of  flow,  and  the  thermal  constants 
of  the  conducting  parts  which  affect  the  distribution  of  heat. 

In  electric  machines  the  temperatiu'es  of  the  two  faces  of  any 
of  the  insulation  will  be  very  nearly  the  same  as  that  of  the 
adjacent  parts,  and  the  temperature  of  this  intervening  insula- 
tion will  be  between  these  limits  (except  in  rare  cases  of  high 
dielectric  losses).     For  example,  the  insulation  on  an  armature 

•C.  E.  Skinner,  Proceedings  Association  of  I.  &  S.  E.  E.,  Oct.  1912. 
B.  G.  Lamme,  Transactions  A.  I.  E.  E.,  page  21,  this  volume. 
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coil  will  have  the  local  copper  temperature  on  one  side  and  the 
local  iron  temperature  on  the  other  side.  One  or  the  other  of 
these  may  be  the  higher,  depending  upon  the  relative  losses  in  the 
iron  and  copper,  the  ventilation,  and  the  conductance  of  the 
adjacent  paths  of  heat  flow.  If  at  all  points  throughout  the 
length  of  the  slot  the  iron  is  hotter  than  the  copper,  then  the 
hottest  point  of  the  insulation  can  be  measured  directly  by  means 
to  be  described  later.  If  the  copper  at  any  point  is  hotter  than  the 
iron,  it  is  fair  to  assume  that  the  hottest  coil  insulation  is  next  to 
the  copper  at  the  center  of  the  slot.  The  temperature  measure- 
ment that  can  be  taken  is  on  the  outside  of  the  coil  at  the  center 
of  the  slot,  and  to  obtain  the  maximum  temperature  of  the  insula- 
tion it  is  necessary  to  make  allowances  for  the  temperature 
gradient  through  the  insulation. 

Obviously  the  ordinary  methods  of  measiuing  temperatures 
give  no  exact  indication  of  the  distribution  of  the  heat  inside  of 
electric  machines.  Heretofore  special  methods  of  measuring 
temperatures  have  been  considered  impractical  and  almost 
impossible.  Recent  developments,  however,  show  that  internal 
temperatiu"es  of  electric  machines  can  be  readily  obtained, 
especially  those  of  stationary  parts. 

Present  Standard   Methods  of  Measuring   Temperatures 

1 .  By  Thermometers.  This  is  the  most  common  method  in 
use.  Its  chief  recommendations  are  its  availability,  simplicity 
and  cheapness.  Its  usefulness  is  limited  to  the  temperature 
measurement  of  the  external  parts  of  a  machine.  Consistent 
results  can  be  obtained  by  this  method,  provided  the  conditions 
under  which  it  is  used  remain  the  same.  On  these  conditions 
depends  entirely  the  proper  interpretation  of  the  results,  for  any 
conclusion  based  on  past  experience  is  reliable  only  in  so  far  as 
the  basis  of  that  experience  remains  unchanged.  Wide  varia- 
tions in  temperatures  will  be  obtained ,  depending  on  the  location 
of  the  thermometers  and  the  method  of  application  to  the  part 
in  question.  Sluggishness  is  an  inherent  characteristic  and  must 
be  kept  in  mind  in  any  application  of  thermometers.  These 
limitations  will  be  discussed  further  under  methods  of  applying 
thermometers. 

2 .  By  Rise  of  Resistance.     This  method  is  applicable  only  to 

the  windings  of  the  machine  and  obviously  represents  only  an 

average  result,  not  distinguishing  the  hot  portions  from  the  cold. 

For  windings  of  high  resistance,  such  as  field  coils,  fairly  good 
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results  may  be  obtained  by  this  method.  ^  Although  the  resistance 
measurement  does  not  represent  the  hottest  part  of  the  coil, 
since  there  is  a  temperature  gradient  from  the  center  of  the  coil 
to  the  outside  surface,  yet  in  most  field  coils  this  gradient  will 
not  be  excessive,  so  that  the  average  temperature,  while  below 
the  maximum,  will  still  be  a  close  indication  of  the  safety  of  the 
coil. 

In  the  case  of  low-resistance  windings  the  results  obtained  are 
far  from  satisfactory.  In  the  first  place,  laboratory  methods  and 
apparatus  are  required  to  obtain  results  with  any  degree  of  re- 
liability. Variations  of  contact  with  temperature  are  continually 
entering  in,  offsetting  the  accuracy  of  even  the  most  reliable 
measurements.  The  proper  interpretation  of  correct  measure- 
ments here  is  much  more  difficult  than  in  the  case  of  field  coils 
of  high  resistance.  With  the  winding  passing  through  several 
zones  of  temperatures,  the  average  value  of  the  temperature  is 
but  a  slight  indication  of  what  may  be  existing  in  the  various 
parts.  For  instance,  if  the  end  windings  of  an  armature  are  well 
ventilated  so  that  the  temperature  of  part  of  the  end  copper  is 
but  little  higher  than  that  of  the  air,  there  may  be  a  small  portion 
of  the  coil  buried  in  the  core  which  is  at  a  considerably  higher 
temperature,  and  yet  have  but  little  influence  on  the  total  re- 
sistance of  the  winding.  Again,  a  portion  of  the  end  windings 
may  be  so  packed  together  and  so  completely  covered  by  bands, 
that  the  relative  temperature  rise  in  this  part  is  high,  while  the 
armature  core  and  the  buried  copper  is  at  a  relatively  low  tem- 
perature. This  condition  was  brought  rather  emphatically  to  the 
attention  of  some  of  us  in  the  case  of  a  large  revolving-field 
generator.  The  rises  by  resistance  on  the  various  tests  were 
consistent  and  bore  a  reasonable  relation  to  the  thermometer 
temperatures,  the  maximum  value  being  45  deg.  cent.  However, 
on  opening  the  windings  it  was  found  on  several  of  the  coils  that 
the  insulation  surrounding  the  portion  buried  in  the  bottom  of  the 
slot  had  been  heated  to  a  much  higher  temperature  than  that 
indicated  by  the  rise  of  resistance  method. 

Perhaps  the  most  unsatisfactory  results  obtained  by  this 
method  are  those  pertaining  to  the  windings  of  the  armatures  of 
direct-current  machines.  Temperatures  thus  obtained  are  in- 
consistent and  the  least  said  about  them  the  better. 

Special  Methods  of  Measuring  Temperatures 
I.   By  Exploring  Coils  (Resistance  Type).     This  method  ol 
measuriDg  temperatures  depends  on  the  fact  that  resistance  ol 
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most  materials  varies  with  the  temperature  of  the  material. 
There  are  several  methods  in  use  for  measuring  the  resistance  of 
such  coils,  any  one  of  which  gives  results  with  a  fair  degree  of  ac- 
curacy. Most  of  these  methods  have  many  complications  which 
are  liable  to  involve  inaccuracies .  There  have  been  special  indica- 
tors devised,  however,  that  enable  these  measurements  to  be 
made  directly  and  with  very  few  complications.  Bulbs  of  special 
forms  (suitable  for  various  applications)  are  manufactured  and 
may  be  inserted  at  any  point  where  it  is  desired  to  measure  tem- 
peratiu^.  These  bulbs  are  made  with  either  three  or  four  leads 
which  connect  to  suitable  binding  posts  on  the  indicators.  The 
indicators  have  a  variable  resistance  which  is  adjusted  until  the 
galvanometer  of  the  indicator  reads  zero.  This  variable  resist- 
ance is  adjusted  and  calibrated  so  that  the  temperature  is  read 
off  directly  from  the  scale  on  the  indicator.  The  whole  apparatus 
is  convenient  for  reading  temperattires  quickly  and  accurately. 

The  chief  drawback  of  this  method  is  the  expense  of  the  ex- 
ploring coils.  For  high  temperatures,  platinimi  resistance  coils 
are  used,  and  for  lower  temperatures,  coils  of  nickel  wire.  These 
coils  must  all  be  carefully  adjusted  and  calibrated.  Likewise 
the  same  leads  must  always  be  used  in  conjunction  with  a  certain 
exploring  coil ;  so  that  if  these  leads  are  broken  or  if  it  is  necessary 
to  increase  the  length  of  the  leads,  the  calibration  of  the  instru- 
ment is  changed  and  the  correct  temperature  cannot  be  obtained 
unless  a  new  calibration  of  the  coil  is  made.  To  obtain  a  coil  of 
small  size,  such  as  must  be  used  within  the  slot  of  an  electric 
generator,  a  considerable  amount  of  fine  wire  must  be  used  to 
obtain  the  necessary  resistance.  This  makes  the  exploring  coil 
frail  and  is  apt  to  cause  breakage. 

2.  By  Thermocouples.  Another  convenient  method  of 
measuring  temperatures  is  by  means  of  thermocouples.  This 
method  is  used  largely  in  high  temperature  measurements  where 
thermometers  cannot  be  used.  However,  it  has  not  been  applied 
in  low  temperature  measurements  to  any  great  extent  because, 
until  recently,  there  were  no  readily  portable  indicating  instru- 
ments sensitive  enough  to  give  accurate  results  without  trouble- 
some corrections  or  special  adjustments  of  the  thermocouples. 
To  obtain  temperatures  by  this  method  the  e.m.f.  of  the  couple 
may  be  measured  by  a  millivoltmeter  or  by  the  potentiometer 
method.  This  latter  method  is  very  accurate  and  can  be  used  in 
portable  form  to  read  temperatures  to  a  higher  degree  of  accuracy 
than  the  ordinary  thermometer.    Fig.  1  shows  a  diagram  of  con- 
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nections  of  the  instrument  which  was  used  in  all  the  tests  to  obtain 
the  data  of  internal  temperattu'es  which  are  given  in  this  paper. 

B  is  an  ordinary  dry  battery  supplying  a  very  feeble  current 
to  the  potentiometer  circuit  made  up  of  the  potentiometer  wire 
P,  a  variable  resistance  R^,  and  the  resistance  R.  S  is  a  special 
rocker  switch  with  spring  so  made  as  to  be  connected  between  a 
and  g  on  one  side  and  c  and  h  on  the  other,  when  neither  side  of 
the  rocker  switch  is  depressed.  If  the  switch  is  depressed  on  side 
g,  connection  is  made  between  g  and  b.  This  causes  a  current  to 
flow  in  the  circuit  made  up  of  galvanometer  G  and  resistance  Rt. 
The  deflection  on  G  gives  a  measure  of  the  current  in  the  potentio- 
meter wire  P.  The  resistances  R  and  Rs  are  so  adjusted  and  the 
galvanometer  G  is  so  caUbrated  that  the  current  is  at  the  proper 
value  when    the  needle  of  the  galvanometer  reads  the  micro- 
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volts  per  deg.  cent,  for  the  couple  that  is  used  in  measuring  the 
temperature.  With  the  current  set  at  this  value  the  spring  con- 
tact again  connects  a  and  g  when  the  rocker  switch  is  released. 
This  connection  substitutes  Rg  for  the  galvanometer  G;and  since 
Rg  is  made  equal  to  the  resistance  of  G,  the  current  in  the  poten- 
tiometer wire  P  remains  unchanged. 

Now  to  obtain  the  temperatiu'e  on  the  thermocouple,  the  other 
side  of  the  rocker  switch  is  depressed,  which  connects  d  and  A. 
This  puts  the  couple,  the  galvanometer  G,  and  a  part  of  P  in 
series  (the  couple  being  so  connected  that  its  e.m.f.  '*  bucks  " 
that  of  P),  Contact  K  is  nm  along  the  drum  holding  the  potentio- 
meter wire  P  until  galvanometer  G  reads  zero.  The  result  is 
read  off  on  a  scale  along  the  wire  P,  which  scale  can  be  cali- 
brated either  in  millivolts  or  some  arbitrary  unit.     If  a  couple  is 
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used  that  has  a  linear  calibration  curve  between  temperature  and 
e.m.f.,  the  wire  P  can  be  calibrated  directly  in  degrees  of  tem- 
perature. A  couple  made  up  of  steel  and  advance  wire  gives  a 
calibration  curve  that  is  practically  a  straight  line  up  to  tempera- 
tures well  above  those  obtained  in  electric  machines. 

The  accuracy  of  this  method  depends  on  the  sensitiveness  of 
galvanometer  G  and  the  length  of  the  scale  divisions  on  potentio- 
meter wire  P,  The  unipivot  galvanometer  is  ver>'  satisfactor>' 
for  this  work,  giving  a  meter  that  is  portable,  at  the  same  time 
beng  extremely  sensitive.  The  calibration  of  the  potentiometer 
wire  can  be  made  very  accurately  by  using  a  large  number  of 
turns  of  wire  wound  around  a  drum.  With  the  instrument  used 
in  this  test,  seven  turns  of  wire  give  a  range  of  150  deg.  cent,  and 
each  graduation  on  the  scale  indicates  to  two-tenths  of  a  deg.  cent. 

The  great  advantage  of  these  thermocouples,  like  the  exploring 
coils,  lies  in  the  fact  that  they  record  the  actual  temperature  of 
the  body  with  which  they  are  in  contact  and  can  be  applied  where 
it  is  impossible  to  locate  thermometers.  The  couples  can  be 
made  to  respond  to  changes  of  temperature  almost  instantly  by 
rolling  the  junction  flat  so  as  to  present  a  large  heat-absorbing 
area  and  diminish  conduction  along  the  leads.  A  large  factor 
in  favor  of  the  thermocouple  method  with  a  potentiometer  is  the 
utter  independence  of  resistances  or  lengths  of  leads ;  for  when  the 
temperature  is  read  by  the  instrument,  the  galvanometer  reads 
zero  and  no  current  flows;  so  the  resistance  in  the  circuit  has  no 
effect   whatever. 

One  thing  is  quite  needful  in  this  method,  however,  and  that  is 
a  sensitive  galvanometer.  The  e.m.f.  of  the  couple  is  small, 
especially  for  low  temperatures;  so  to  get  accurate  results,  the 
galvanometer  should  be  sensitive  enough  to  respond  quickly  to 
small  changes  of  e.m.f.  Another  precaution  necessary  is  to  see 
that  the  material  of  the  couple  wires  is  uniform.  It  is  safe,  how- 
ever, to  assume  that  all  the  wire  on  a  small  reel  is  of  uniform 
structure,  and  only  one  calibration  is  necessary  for  each  reel. 

The  use  of  thermocouples  (likewise,  resistance  exploring  coils) 
cannot  be  recommended  for  taking  temperatures  on  revolving 
parts  during  the  rotation  of  that  element.  To  take  such  tempera- 
tures it  is  necessary  to  use  slip  rings  and  brushes.  The  number 
of  such  couples  is  limited  by  the  space  available  for  the  slip  rings. 
The  mechanical  equipment  necessary,  especially  on  machines 
of  high  peripheral  speed,  makes  the  test  extremely  expensive,  and 
the  results  obtained  are  so  questionable  that  this  test  cannot  be 
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recommended.  A  better  method  is  to  fasten  thermocouples  on 
the  rotating  element  at  different  places  where  the  temperatures 
are  desired,  allowing  the  leads  to  be  exposed  in  some  places 
where  there  will  be  no  interference  with  the  rotation  of  the 
machine.  On  the  shut-down  of  the  machine,  leads  from  the 
measuring  instrument  can  be  clamped  on  these  thermocouples 
and  the  temperatures  read  immediately.  Readings  of  tempera- 
tures can  be  taken  at  different  intervals  of  time;  so  if  the  time  is 
taken  between  shut-down  and  the  first  reading  of  temperature, 
the  temperature  curve  can  be  exterpolated  to  the  actual  running 
temperature  of  the  couple  before  shut-down.  This  eliminates 
all  the  slip  ring  trouble  and  gives  a  very  close  indication  of  the 
running  temperatures  in  the  rotating  element. 

An  interesting  series  of  tests  was  made  on  a  revolving  field 
generator,  showing  the  comparison  of  various  internal  tempera- 
tures of  both  the  iron  and  the  copper.  Thirty-two  thermocouples 
were  placed  in  the  machine ;  sixteen  between  laminations  in-various 
positions  and  sixteen  in  the  slots  on  the  coils  of  the  machine. 
Leads  from  these  different  couples  were  brought  out  to  a  special 
switch  and  so  arranged  that  any  one  of  the  couples  could  be 
placed  on  the  measuring  instrument  and  the  temperature  read. 
By  this  means,  at  least  six  different  temperatures  could  be  ob- 
tained in  a  minute's  time.  Thus  it  was  possible  to  get  results 
of  temperature  at  these  thirty-two  points  of  the  machine,  which 
results,  when  plotted,  showed  the  heating  and  cooling  during  the 
beginning  and  the  shut-down  of  each  run  and  also  the  constant 
temperatures  when  the  machines  had  reached  their  maximum 
temperature  during  the  run. 

Fig.  2  givx'S  a  sunmiary  of  this  series  of  tests,  showing  seven  of 
the  principal  temperature  curves  that  were  taken.  A  shows  the 
heating  of  the  machine  at  the  beginning  of  a  field  charge  run. 
Of  course,  it  is  reasonable  to  suppose  that  the  laminations  will 
become  hotter  than  the  coils  in  a  run  of  this  nature.  B  shows  the 
shut-down  of  this  test.  When  the  field  was  removed  from  the 
machine,  there  was  no  braking  effect  to  stop  the  rotating  except 
the  friction  of  the  bearings  and  the  windage,  and  the  friction  of 
the  brushes  on  the  commutators  of  two  driving  motors.  It  is 
interesting  to  note  the  various  temperatures.  Couple  No.  17, 
located  between  a  coil  and  a  wedge,  cools  until  the  rotation  almost 
ceases;  then  it  becomes  warmer  again,  because  the  ventilation 
due  to  the  rotation  ceases  and  the  hotter  parts  of  the  machine 
warm  the  air  in  the  gap,  which  causes  the  temperature  of  couple 
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No.  17  to  rise.    This  effect  is  shown  also  to  a  lesser  degree  on 
No.  3,  which  is  near  an  air  duct  in  the  iron. 

C,  D  and  E  of  this  figure  show  the  maximum  temperatures  of 
several  other  tests,    F  shows  the  machine  shut  down  as  in  £,  but 
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under  somewhat  different  conditions.  A  load  was  on  during  this 
run  and  when  the  power  was  removed,  the  field  of  the  machine 
was  reduced  to  one-half,  instead  of  being  removed  entirely  as  in 
B.  Thus  the  rotation  was  stopped  in  eight  minutes'  time,  about 
pne-third  of  the  time  as  required  in  test  B.    The  curves  show  the 
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temperature  equalizing  again  in  the  sarnie  manner.  These  results 
bring  up  the  question  **  What  is  meant  by  '  shut-down  *  tem- 
peratures?" Obviously  very  different  results  would  have  been 
obtained  on  these  two  tests  B  and  F  if  thermometers  had  been 
placed  on  the  machine  after  the  rotation  had  ceased.  This  point 
will  be  discussed  later  under  **  Method  of  Stopping  Rotating 
Element." 

Present  Standardization  Rules  Indefinite 

1 .  Room  Temperature.  This  term  enters  into  practically  all 
contracts  for  electric  machines  and  its  meaning  should  be  so 
clear  as  to  be  beyond  dispute.  The  temperatures  of  air  foreign 
to  the  machine  can  have  no  effect  on  the  machine's  temperature; 
it  is  the  air  that  inmiediately  stirrounds  a  machine  that  is  effec- 
tive ;  or  in  case  of  machines  artificially  cooled,  it  is  the  temperature 
of  incoming  air.  Even  imder  these  limitations  there  is  still  too 
great  a  latitude  for  dispute.  Thermometers  so  placed  as  to  be 
affected  by  the  outgoing  air  are  even  more  undesirable  than  those 
placed  at  considerable  distance  from  the  machine  tested.  It 
seems  that  there  is  no  absolute  rule  adaptable  for  every  case,  but 
certain  general  limitations  may  be  suggested;  such  as  the  maxi- 
mum distance  from  the  machine,  which  may  be  expressed  in  terms 
of  the  diameter  of  the  rotating  part,  or  the  thermometers  must  be 
so  located  as  to  indicate  either  the  temperature  of  the  still  air 
surrounding  the  machine  or  else  that  entering  it.  Local  conditions 
frequently  demand  special  consideration,  such  as  the  effect  of  the 
temperature  of  poorly  ventilated  pits  on  the  parts  affected.  In 
such  a  case  the  average  temperature  surrounding  the  machine 
is  as  foreign  in  its  effect  on  the  local  parts  as  that  of  the  north 
pole  on  the  equator.  In  the  case  of  a  certain  8770-kv-a.  generator 
in  a  large  hydroelectric  plant,  this  local  effect  was  as  much  as 
10  deg.  cent.  In  another  case,  safe  limits  were  far  exceeded  until 
the  pit  was  properly  ventilated,  when  the  temperature  of  the 
part  in  question  at  once  became  normal. 

2 .  Method  of  Applying  Thermometers.  As  previously  stated, 
the  inferences  deduced  from  thermometer  measurements  depend 
upon  the  duplication  of  conditions.  This  applies  especially  to  the 
application  of  thermometers.  The  methods  used  depend  consider- 
ably on  the  nature  of  the  temperature  to  be  measured.  These 
may  be  divided  into  two  classes:  those  pertaining  to  stationary 
parts,  and  those  pertaining  to  rotating  parts. 

In  the  stationary  parts,  all  thermometers  may  be  located  before 
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the  start  of  the  test,  and  as  the  temperatures  increase  gradually 
there  is  no  special  difficulty  in  the  thermometer  following  very 
closely.  In  the  larger  machines,  the  thermometers  should  be 
protected  from  the  windage  of  the  machine,  or  other  drafts,  by  a 
small  covering.  This  may  be  of  putty,  clay  or  felt.  Some  persons 
prefer  one  and  some  another.  Putty  is  rather  soft  at  working 
temperatiures.  Clay  makes  a  very  good  holding  medium  when 
carefully  put  on,  but  our  experience  has  been  that  more  uniform 
temperatures,  and  usually  higher  results  as  well,  are  obtained  with 
the  felt.  On  windings  this  covering  may  be  in  the  shape  of  a  small 
sleeve,  the  bulb  being  exposed  only  on  one  side;  the  whole  being 
tied  to  the  coil  securely  with  twine.  On  iron  laminations  a  small 
felt  pad  about  IJ  by  \\  in.  (3.8  by  3.8  cm.),  glued  to  the  surface 
imder  which  the  thermometer  is  inserted,  seems  to  give  the  best 
results.  This  method  also  has  proved  satisfactory  when  used 
on  the  larger  copper  conductors.  The  pad  must  not  be  too  large, 
as  a  hot  spot  may  be  created,  neither  must  it  interefere  with  the 
radiation  of  the  machine.  On  smaller  machines,  the  liability 
to  hot  spots  becomes  much  greater  and  either  a  very  small  ball 
of  clay  is  to  be  preferred,  or  else  the  thermometers  should  be 
left  bare  and  treated  after  shut-down  as  described  below  for 
thermometers  on  the  rotating  parts.  On  these  machines  a  ther- 
mometer will  not  give  the  correct  maximum  values  while  the  ma- 
chine is  running,  but  \v\\\  indicate  when  the  machine  has  reached 
a  constant  temperature. 

The  method  of  obtaining  temperatures  of  rotating  parts  by 
thermometers  i)resents  quite  a  different  problem.  A  very  wide 
range  of  results  may  be  obtained  on  account  of  variations  due 
chiefly  to  the  method  of  getting  the  heat  from  the  body,  whose 
temperature  is  to  be  measured,  to  the  thermometer  bulb.  The 
thermometer  bulb  can  be  so  placed,  with  respect  to  the  copper 
in  the  coil,  that  the  resistance  in  the  heat-conducting  path  to  the 
bulb  is  much  greater  than  desirable.  For  instance,  if  a  ther- 
mometer is  simply  laid  on  the  coil  whose  temperature  is  to  be 
measured,  and  covered  with  a  little  waste,  and  another  ther- 
mometer is  placed  on  the  coil  and  provided  with  a  seat  made  of 
tin-foil,  two  different  results  will  be  obtained.  Obviously,  with  a 
metal  seat,  a  larger  amount  of  heat  in  a  given  time  can  be  con- 
ducted from  the  coil  across  the  insulation  and  thence  to  the  bulb, 
than  would  be  the  case  without  the  metal  seat;  for  the  section 
of  the  heat  conduction  path  through  the  insulation  is  increased 
and  the  average  length  of  the  path  shortened.     However,  if  the 
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dissipation  of  conduction  of  heat  from  the  point  to  be  measured 
to  other  parts  of  the  winding  is  relatively  slow,  both  thermometers 
should  eventually  indicate  the  same  temperature.  If,  however, 
the  heat  dissipation  is  rapid,  either  by  conduction  to  the  air  or  to 
other  parts  of  the  winding,  the  thermometer  which  gives  the 
quicker  reading  should  reach  a  higher  temperature.  In  a  certain 
instance  it  was  found  that  the  thermometer  provided  with  a 
metal  seat  reached  this  maximum  six  minutes  before  one  simply 
laid  on  the  winding,  both  being  protected  from  the  air  in  the  same 
manner.  The  discrepancy  in  temperatiu*e  was  eight  degrees,  the 
cooling  curve  of  the  machine  in  question  falling  rapidly.  Ther- 
mometers are  sluggish  in  their  action  and  they  take  a  certain  time 
before  they  come  up  to  temperature.  So  in  similar  conditions  as 
mentioned  above,  if  thermometers  are  applied  which  have  pre- 
viously been  heated  to  about  the  same  temperature  as  the 
machine,  higher  results  of  temperature  will  be  obtained  than  if 
the  thermometers  had  not  been  heated  before  application  to  the 
machines. 

Thus,  all  these  methods  of  applying  thermometers  will  give 
results  that  in  no  way  will  be  comparable.  There  must  be  a  defi- 
nite ruling  as  to  the  manner  of  applying  thermometers  so  as  to 
obtain  comparative  results. 

3 .  Method  of  Stopping  Rotating  Element.  Another  point  which 
causes  dispute  is  the  method  of  bringing  the  rotating  element 
to  rest  after  a  temperattu-e  run.  Should  the  machine  be  allowed 
to  rotate  without  any  load  until  all  the  flywheel  effect  is  expended, 
or  should  the  magnetic  field  be  used  to  retard  the  machines,  or 
should  the  machine  be  braked  mechanically  by  means  of  pulleys 
and  ropes  to  stop  it  more  quickly?  It  is  quite  evident  that  the 
fanning  effect  of  the  rotating  element  lowers  the  temperature  of 
the  machine  very  rapidly.  The  curves  shown  in  Fig.  2  show 
toperatures  in  a  machine  which  had  sufficient  flywheel  effect 
to  allow  it  to  rotate  freely  for  a  period  of  22  minutes  after  the 
load  was  removed.  It  is  obvious  that  considerable  variation  will 
*^lt  in  the  temperature  obtained  if  the  time  of  bringing  the 
rotating  element  to  rest  is  varied.  For  instance,  from  the  curves 
of  the  normal  field  charge  run  in  Fig.  2,  it  is  seen  that  there  is  a 
considerably  greater  drop  in  temperature  in  the  22  minutes  than 
^  five  minutes.  So  if  the  machine  had  been  stopped  in  five 
Diinutes  by  mechanical  braking,  higher  shut-down  temperatures 
on  the  rotating  element  would  have  been  obtained.  In  another 
case  when  mechanical  braking  was  resorted  to,  temperatures  10 
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degrees  warmer  were  obtained  when  shut  down  in  1}  minutes 
than  when  shut  down  in  six  minutes. 

Conclusion 

It  is  evident  from  the  foregoing  discussion  that  the  proper 
interpretation  of  temperature  results  depends  almost  entirely 
upon  the  conditions  of  tests  and  upon  the  temperature  measuring 
method  employed.  No  one  method  is  suitable  in  every  case. 
The  thermocouple  and  exploring  coil  are  generally  applicable; 
but  the  thermometer  and  rise  by  resistance  methods  are  prefer- 
able in  many  cases  because  of  convenience,  simplicity  and  in- 
expensiveness. 

The  experience  of  the  authors  has  prompted  the  following 
recommendations  in  regard  to  taking  temperatures  of  electric 
machines: 

1 .  Thermometers  should  be  used  to  measure  all  temperatures 
of  exposed  parts,  the  temperature  of  which  is  constant  or  is  not 
changing  too  rapidly  for  the  thermometer  to  follow. 

2 .  In  cases  where  the  part  to  be  tested  is  small,  and  the  ther- 
mometer and  covering  may  disturb  the  thermal  conditions,  the 
thermometer  should  not  be  used. 

3 .  The  application  and  covering  for  thermometer  bulbs  should 
be  standardized. 

4 .  The  rise  by  resistance  method  should  be  used  to  measure 
only  the  temperatures  of  windings  which  are  known  to  be  at  a 
rather  constant  temperature  throughout,  such  as  transformer 
coils,  field  coils,  some  stator  windings,  etc. 

5 .  The  rise  by  resistance  method  should  not  be  used  for  wind- 
ings or  parts  of  windings  of  very  low  resistance. 

6 .  Thermocouples  or  exploring  coils  may  be  used  to  measure 
temperatures  of  internal  parts,  especially  in  machines  with  long 
cores,  such  as  high-speed  turbo-generators,  and  also  in  parts  where 
steep  and  doubtful  temperature  gradients  make  it  impossible  to 
draw  any  definite  conclusions  from  thermometer  temperatures 
or  rises  by  resistance. 

7.  Exploring  coils  are  either  expensive,  or  require  expensive 
adjustments  and  laborious  calculations  for  tests.  Thermo- 
couples are  preferable  to  exploring  coils  in  commercial  testing. 

8.  If  internal  temperatures  are  required  in  revolving  parts, 
thermocouples  may  be  used  and  readings  taken  after  shut-down. 
Running  temperatures  with  slip  rings  and  brushes  cannot  be 
recommended. 
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9 .' Temperatures  which  will  be  affected  by  the  permanent 
application  of  a  thermometer  or  a  pad  may  be  taken  by  the 
momentary  application  of  a  quickly  responding  thermocouple. 

10.  The  rises  of  temperature  should  be  based  on  the  tempera- 
ture of  the  cooling  air.  The  determination  of  the  cooling  air 
should  be  standardized  as  far  as  possible. 

11 .  A  convenient  and  probably  the  best  method  of  stopping 
a  machine  after  a  temperature  run,  is  by  field  excitation.  When- 
ever possible,  full  field  should  be  used  to  stop  the  machine  quickly 
and  thus  maintain  the  temperatures. 

It  is  hoped  that  more  definite  rulings  can  be  established  in 
regard  to  temperature  tests.  A  temperature  obtained  within  a 
machine  by  means  of  a  thermocouple  or  an  exploring  coil  may 
not  meet  guarantees  as  specified  in  the  present  Standardization 
Rules.  In  addition  to  specifying  the  methods  to  be  used,  the 
limiting  temperatures  must  be  considered  in  each  case. 


A  HHr  Pres€nud  at  the  MidwiuUr  Cotwtn- 
im  of  tkt  American  institute  of  EUctrical 
Enpnttrs.  Ntw  York,  February  26.  1913. 
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METHOD    OF    DETERMINING    TEMPERATURE    OF 

ALTERNATING-CURRENT  GENERATORS   AND 

MOTORS  AND  ROOM  TEMPERATURE 


BY    HENRY    G.    REIST    AND   T.  S.    EDEN 


Correct  determination  of  the  temperature  of  apparatus  is  of 
great  importance  to  the  designing  engineer.  Of  even  greater 
importance,  is  the  determination  of  a  fair  room  temperature, 
since  all  temperature  guarantees  are  made  on  the  basis  of  rise 
above  room. 

The  determination  of  the  tcmi)craturc  of  apparatus  may  be 
made  by  thennomctcr,  by  resistance  measurement  or  in  special 
cases  by  the  use  of  temperature  measuring  coils. 

Thermometer 

^n  the  use  of  thermometers,  it  is  obviously  necessary  to  select 
the  means  of  applying  and  covering  the  bulbs  which  will  give 
on  the  one  hand  the  maximum  temperature  attained  and  on  the 
other,  will  not  increase  temperature  of  part  where  the  thermometer 
IS  applied.  Several  coverings  are  available,  such  as  cotton  or 
woolen  waste,  felt,  putty,  etc.  To  determine  which  of  these 
coverings  is  the  most  suitable,  the  following  experiment  was 
recently   made. 

A  copper  plate  was  fitted  over  the  top  of  a  vessel  containing 
^^ter,  so  that  it  could  be  uniformly  heated,  and  the  temperature 
changed  as  desired.  Bulbs  covered  with  different  materials 
^ere  applied  to  the  copper  plate  and  temperatures  read  over  a 
^ge  from  86  deg.  cent,  to  32  deg.  cent.  The  following  table 
gives  the  results. 

The  temperatures  as  read  across  the  table  herewith,  were 
Ween  at  the  same  time, [and  after  they  had^become  constant 
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Covering 


I      Temp. 
I  deg.  cent. 


Putty 
1  in.  dia. 


86 

71. 

62. 

51. 

42 

37 

32 


5 
5 
5 


Fiber  tube  1^  in. 

dia.    Top  filled 

with  waste 


78 

66 

57.5 

47.5 

40.5 

35.5 

31.5 


Woolen 

Cotton 

Felt  2  in. 

waste 

waste 

square 

2  in.  dia. 

2  in.  dia. 

79 

81 

8H 

66 

68 

68 

57.5 

60 

60 

47.5 

49 

49 

40.5 

40.5 

41 

35.5 

36 

36 

:     31.5 

i 

31.5 

32 

Uncovered 

between 

preceding 


68 

59 

50, 

44. 

38. 

34. 


5 
5 
5 
5 


30.5 


60 

59 

51.5 

44.5 

38 

34.5 

30.5 


These  thermometers  were  then  carefully  calibrated  over  a 
temperature  range  from  89  to  26  deg.  cent  and  found  to  agree 
within  one  deg.  at  the  higher  temperatures  and  one-half  deg. 
at  the  lower  temperatures.  The  table  shows  that  the  bulb 
covered  with  putty  gives  the  highest  reading  in  each  case. 

It  is  therefore  recommended  that  putty  covering  be  used  as  the 
standard,  since  it  not  only  gives  the  highest  reading  but  is  con- 
venient to  handle  and  can  be  applied  in  a  compact  form,  not 
covering  an  unnecessarily  large  area,  which  would  impede  natural 

radiation. 

Resistance  Measurement 

Measurements  of  resistance  both  cold  and  hot  may  be  accur- 
ately taken,  but  in  practise  it  is  found  that  the  temperature  cold 
is   uncertain. 

This  is  due  to  a  possible  or  perhaps  even  a  probable  differ- 
ence of  average  temperature  of  the  winding  of  which  the  re- 
sistance is  to  be  measured ,  from  that  of  the  measured  tempera- 
ture of  the  air. 

A  resistance  measurement  on  an  armature  winding  taken  at 
a  temperature  below  25  deg.  cent,  and  again  at  a  temperature 
above  25  deg.  cent.,  when  reduced  to  resistance  at  25  deg.  cent, 
will  seldom  check  within  5  per  cent.  Consequently  manufac- 
turers must  build  with  larger  margins  when  required  to  guarantee 
temperatures  by  resistance. 

The  temperature  of  windings  so  determined,  is  not  a  gage 
of  the  highest  temperature  attained,  but  is  an  average  tempera- 
ture. The  temperature  of  the  end  windings  on  an  armature  will 
usually  be  lower  than  that  of  the  portion  of  the  winding  imbedded 
in  the  slot;  similarly  on  revolving  field  windings,  the  temperature 
indicated  by  the  IR  drop,  will  frequently  be  found  lower  than 
that  shown  by  thermometers  applied  to  parts  of  the  coils,  for 
example  adjacent  to  mechanical  supports^between  ooils. 
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This  method  of  obtaining  temperature  rise  on  alternating- 
current  generators  and  synchronous  motors,  should  be  Umited 
to  the  revolving  field  windings  of  those  machines  which  are  so 
enclosed  that  thermometer  application  is  impossible. 

Temperature  Measuring  Coils 

In  apparatus  such  as  steam-turbine-driven  and  large  high- 
speed waterwheel-driven  generators,  where  the  stator  windings 
are  inaccessible  for  thermometers,  it  is  possible  to  determine 
the  temperatiu*e  of  these  parts  by  using  small  coils  of  fine  wire, 
non-inductively  woimd,  which  may  be  placed  next  to  the  insulated 
coil  in  the  slot  portion  or  outside,  as  desired.  Accurate  measure- 
ments of  resistance  of  these  coils  by  voltage  drop  may  be  taken, 
and  the  highest  temperatures  attained  may  be  known. 

These  coils  should  be  calibrated  at  a  known  temperature  be- 
fore being  put  into  a  machine. 

This  method  may  be  applied  to  any  machine  and  will  bring 
to  light  faulty  design.     Insulating  fabrics,  such  as  oiled  linen, 
varnished  cambric,  etc.,  are  apt  to  deteriorate  more  rapidly  than 
desirable  between  temperatures  of  90  and  100  deg.  cent,  and  con- 
sequently apparatus  so  built  should  not  be  permitted  to  run  at 
these  temperatures.     Other  insulating  materials  are  in  use  and 
also  in  process  of  development,  which  will  permit  of  operation  at 
higher  temperatures  than  these.     This  method  is  recommended 
for  the  investigation  of  temperatures  in  factory  tests,  but  cus- 
tomers should  not  require  it  on  more  than  one  of  several  dupli- 
cate machines,  unless  they  are  willing  to  stand  the  attendant 
expense,  since  thermometer  readings  would  be  sufficient  to  show 
that  two  or  more  niachines  were  alike. 

For  machines  with  small  slots,  this  method  of  determination 
should  not  be  necessary. 

Its  field  of  application  should  probably  be  in  apparatus  of 
6600  volts  and  over,  and  on  machines  of  outputs  above 
2000  kw. 

A  few  examples  are  given  to  show  how  the  temperature  rises 
measured  by  thermometer,  resistance,  and  temperature  coil 
methods  differ  on  one  and  the  same  heat  run. 

The  value  of  this  table  is  more  as  a  comparison  of  the  different 
methods  of  measuring  temperature,  than  an  indication  of  the 
maximum  temperatures  in  a  machine,  since  the  tests  were  not 
made  under  full-load  conditions,  but  under  such  artificial  loads 
as  could  be  obtained  at  the  time  the  machines  were  in  test. 
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Sixeof 
generator 


16000  kw. 
8750  kw. 
6000  kw. 
5000  kw. 
4000  kw. 
3750  kw. 
3750  kw. 


Voltage 


9000 
6900 
6600 
4000 
4000 
6600 
6600 


Thermometer 


27 
22 
29 
19 
15 
15 
19 


Temperature 

Resistance 

coil 

40 

44 

26 

39 

35 

39 

33 

44 

27 

30 

30 

33 

30 

33 

This  substantiates  the  fact  that  internal  temperatures  are  con- 
siderably higher  than  outside  temperatures  in  a  machine. 

It  is  hard  to  form  a  concei)tion  of  the  internal  temperature 
of  a  coil  by  external  thermometer  reading,  since  with  a  given 
loss  per  unit  of  area  of  surface  of  the  coil,  the  external  tempera- 
ture is  very  largely  dependent  on  the  rate  of  flow  of  the  cooling 
air  over  the  siuface,  whereas  the  difference  of  temperature 
between  the  inside  and  outside  is  a  factor  of  the  rate  of  trans- 
mission per  unit  cross-section  of  the  material  used  in  insulating 
and  of  its  thickness. 

In  the  rotors  of  turbo-driven  generators,  on  account  of  the 
construction  necessary,  temperatures  greater  than  in  the  stators 
will  result,  requiring  the  use  of  insulations  which  will  stand  such 
temperatures. 

On  this  part  of  a  machine  there  appears  to  be  no  difficulty 
in  making  an  insulation  safe  for  these  higher  temperatures,  due 
to  the  low  potential  employed  for  excitation. 

The  determination  of  these  temperatures  should  be  by  re- 

sistance,  calculated  from  the  /  R  drop.     To  apply  temperature 

measuring  coils  would   be  extremely   difficult   and  expensive, 

involving  auxiliary  collector  rings  for  measuring  the  resistance 

and  introducing  inaccuracies  of  measurement  as  compared  with 

coils  in  a  stator. 

Room  Temperature 

Commercial  testing  must  necessarily  be  conducted  in  rooms 
where  the  temperature  will  vary  and  where  apparatus  and  room 
thermometers  will  be  subjected  to  air  currents  caused  by  opening 
of  doors  or  windows. 

Machines  of  small  volume  will  respond  quickly  to  changes  in 
temperature  of  the  surrounding  air,  whereas  the  temperature 
change  in  large  machines  will  lag  appreciably  behind  the  change 
in  room  temperature. 
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It  is  therefore  necessary  to  find  some  means  of  lagging  the 
bulbs  of  thermometers  used  for  determination  of  room  tempera- 
ture, so  that  the  changes  will  follow  approximately  the  same 
cur\-e  as  the  apparatus.  For  this  purpose,  a  small  steel  cylinder 
with  a  hole  in  the  center,  filled  with  oil  in  which  the  thermometer 
is  placed,  has  been  used  by  some  manufacturers. 

In  order  to  determine  their  heat  capacity  a  series  of  these 
cylinders  was  made  up,  3  in.  (7.6  cm.),  2  in.  (5.1  cm.),  1|  in, 
(3.5  cm.),  1  in.  (2.54  cm.)  and  \  in.  (1.9  cm.)  in  diameter,  all 
3  in.  (7.6  cm.)  high,  all  provided  with  a  \-m.  (0.95-cm.)  diameter 
hole,  Ij  in.  (3.8  cm.)  deep,  for  the  thermometer.  They  were 
healed  up  to  approximately  the  maximum  temperature  reached  by 
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a  machine  at  the  end  of  a  heat  run,  and  temperature  recorded  at 
frequent  intervals,  also  of  the  machine  running  idle.  These 
readings  are  shown  in  Fig.  1. 

It  will  be  noted  that  the  cooling  curve  of  the  3-in.  (7.6-cm.) 
oil  cup,  as  these  cylinders  may  be  called,  follows  the  laminations 
and  the  f-in.  (1.9-cm.)  oil  cup  follows  the  coils  over  the  higher 
temperatures  recorded,  or  those  temperatures  which  the  ma- 
chine parts  attained  under  heat  run. 

Constant  temperature  of  the  machine  parts  is  reached  at  a 
temperature  above  that  of  the  room,  due  to  warming  up  o£  the 
air  passing  through  the  machine,  running  at  full  speed. 

It  would  therefore  seem  reasonable  in  determining  the  room 


RElSr  A  ND  EDEN: 


[Feb.  3S 


temperature  to  use  an  oil  cup  2  in.  (5-1  cm.)  in  diameter,  which 
will  follow  the  average  temperatures  of  the  different  parts  of  the 
machine. 

Similarly  on  a  3750-kv-a.  unit,  Fig.  2  shows  that  the  cooling 
curve  of  the  2-in.  (5.1-cm.)  oil  cup  follows  the  temperature 
changes  of  the  laminations  very  closely. 

These  oil  cups,  logcther  with  thermometers  suspended  in  air, 
were  together  with  thermometers  suspended  in  air  were  then 
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used  in  connection  with  a  machine  in  test,  which  had  reached 
constant  temperatures.  Doors  were  opened  for  an  hour  so  as  to 
reduce  room  temperature,  and  temperatures  recorded  as  shown  in 
Fig.  3. 

The  following  table  shows  temperature  rises  above  the  air- 
suspended  thennometers  and  above  the  2-in.  (5.1-cm.)  diameter 
oil  cup. 

This  shows  that  the  temperature  rises  above  the  oil  cup  are 
fairly  uniform  and  those  above  the  air  thermometer  vary  a  great 
deal. 
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1 

Rif«  over  «it 

Ri*!  ov«  oil 

Doon  i>i>cii«d 

2s.e 

30.2 

33. a 

10      ■ 

31  7 

31,1 

10       • 

39.2 

30 

10       • 

28.4 

2B.7etc. 

From  these  and  other  observations  of  a  similar  nature  which 
have  been  made,  it  is  reoommended  that  an  oil  cup  of  this  sort  be 
used  for  determining  room  temperatures,  both  on  account  of  its 
convenience  and  accuracy. 
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It  is  possible  that  for  stationary  apparatus,  such  as  transform- 
^1  a  satisfactory  solution  may  be  arrived  at  by  taking  the 
'^perature  of  an  idle  machine,  the  cooling  medium  being  air, 
water,  oil,  etc.  However,  for  rotating  apparatus,  we  believe  the 
above  method  will  give  reasonably  accurate  results. 

Several  different  methods  of  ventilation  are  used  in  altemating- 
fwrent  apparatus  and  the  "  room  temperature  "  cannot  be  ar- 
nved  at  in  the  same  way  for  all  rases. 

The  majority  of  machines  built,  take  their  cooling  air  from 
the  room  they  are  in  and  deliver  it  to  the  same  room.  For  these, 
"  room  temperatures  "  should  be  determined  in  some  such  man- 
oer  as  given  above. 
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Frequently,  with  horizontal  machines  ventilated  in  this  man- 
ner, a  large  part  will  be  below  the  floor  line  of  a  station,  in  a  pit. 
Unless  such  a  pit  is  properly  ventilated,  a  portion  of  the  stator 
will  show  temperature  rises  which  are  dependent  on  the  tempera- 
ture of  the  air  in  the  pit,  and  the  rises  of  such  a  portion  should  be 
based  on  the  pit  temperature.  It  might  be  noted  that  the  por- 
tion so  affected  will  come  below  the  floor  line  on  the  one  side  and 
above  on  the  other,  depending  on  the  direction  of  rotation.  The 
temperature  of  the  rotor  should  be  referred  to  an  average  of  the 
pit  and  room  temperatures,  the  value  of  each  being  decided  on 
the  portion  of  the  machine  in  pit. 

For  vertical  types  ventilated  in  this  manner,  we  would  recom- 
mend placing  the  room  temperature  thermometers  at  the  level 
of  the  center  line  through  the  magnetic  material,  since  the  tem- 
perature so  obtained  would  be  practically  an  average  of  that 
above  and  below  a  machine  in  test. 

However,  if  a  machine  is  totally  enclosed,  taking  its  air  from 
and  delivering  it  outside  the  room,  the  temperature  on  which 
the  rise  is  based  should  be  that  of  the  air  entering,  applying  a 
correction  factor  for  the  difference  between  the  temperature  of 
the  ingoing  air  and  that  of  the  air  surrounding  the  machine.  A 
fair  value  to  give  to  each  for  this  type  of  machine  might  be  four 
(4)  for  ingoing  air,  to  one  (1)  for  surrounding  air:  e.g.  air  enter- 
ing at  15  dog.  cent,  room  at  30  dcg.  cent.;  basis  for  temperature 
rise,  18  deg.  cent. 

Where  the  frame  of  a  machine  is  open,  so  that  the  air  de- 
livered from 'Outside  passes  through  into  the  room,  the  correc- 
tion factor  might  be  applied  by  giving  a  value  of  two  (2)  to  the 
ingoing  air  and  one  (1)  to  the  surrounding  air;  e.g.,  air  entering  at 
15  deg.  cent,  room  at  30  deg.  cent,  basis  for  room  temperature 
20  deg.  cent. 

It  would  be  very  difficult  to  make  an  exact  determination  of 
these  correction  factors.  The  above  are  given  as  suggestions, 
which  we  believe  would  be  fair.  Doubtless,  many  cases  will 
arise  which  can  only  be  settled  on  their  individual  merits. 

We  appreciate  that  the  tests  are  not  sufficient  to  base  conclu- 
sions on  and  that  probably  more  extended  tests  will  be  advisable. 

At  best,  however,  the  size  of  oil  cup  will  have  to  be  a  compro- 
mise because  it  will  not  be  practicable  to  change  the  size  of  cup 
for  different  machines  or  to  use  different  cups  for  comparison 
with  different  parts  of  a  machine. 


A  pmptr  ^€S€nUd  ai  the  Midwinter  Coupen- 
tiou  of  thg  American  Institute  of  Electrical 
Engineers,  New  York,  February  26.  1913. 

Copyri«ht.  1913.    By  A.  I.  B.  B. 


THERMOCOUPLES  AND  RESISTANCE  COILS  FOR  THE 

DETERMINATION  OF  LOCAL  TEMPERATURES 

IN  ELECTRICAL  MACHINES 


BY   J.    A.   CAPP   AND   L.    T.    ROBINSON 


Temperatures  of  electrical  machines  may  be  determined  in 
either  of  the  two  usual  ways,  namely,  by  fluid  expansion  ther- 
mometers, or  by  electrical  thermometers,  which  may  be  either 
of  the  resistance  or  thermoelectric  type. 

Fluid  thermometers  are  usually  available  only  for  the  m  ^asurc- 
ment  of  surface  temperatures.  In  the  case  of  rotating  parts 
they  can  usually  be  ap])lied  only  after  the  parts  have  come  to 
rest.  The  thermometer,  therefore,  will  indicate  a  tem])erature 
which  may  not  be  that  existing  on  the  surface  during  rotation, 
but  may  be  higher  or  lower,  depending  upon  the  flow  of  heat  dur- 
ing equalization.  Thermometers  yary  greatly  in  the  rate 
with  which  they  indicate  the  temperature  to  which  the  bulb 
may  be  subjected.  This,  together  with  the  possible  error 
due  to  the  equalization  of  temperature  just  mentioned,  may 
bring  about  considerable  errors  in  the  results.  Ordinarily  the 
thermometer  bulb  is  held  in  contact  with  the  surface  whose  tem- 
perature is  to  be  measured,  by  means  of  some  plastic  material, 
such  as  putty,  which  in  itself  is  of  relatiycly  low  heat  conductivity. 
If  the  temperature  changes  which  take  place  during  equalization 
are  relatively  rapid,  there  is  here  a  further  possibility  of  error. 

Unless  some  such  material  as  putty  is  used,  the  temperature 
r.»ad'n.^s  of  the  thermometer  will  be  low,  because  there  is 
not  suffic'ently  intimate  contact  between  the  bulb  and  the  sur- 
face whose  temperature  is  to  be  measured. 

As  ordinarily  supplied  by  the  makers,  either  mercury  or  alcohol 
thermometers  are  calibrated  with  either  the  entire  stem  immeised 
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in  a  liquid  or  atmosphere  at  the  temperatiire  to  be  measured,  or 
at  least  with  the  stem  immersed  to  the  point  of  indication.  In 
other  words,  the  thermometers  are  customarily  supplied  with 
their  scale  adjusted  for  full  scale  immersion.  In  use  in  de'ter- 
mining  the  temperature  of  a  surface,  only  the  bulb,  or  at  most 
but  a  short  portion  of  the  stem  above  the  bulb,  is  exposed  to  the 
temperature  to  be  measured.  There  have  been  worked  out 
formulas  for  correction  for  the  emergent  stem,  as  it  is  called, 
but  these  are  cumbersome,  and,  indeed,  such  corrections  are 
comparatively  seldom  made  in  ordinary  measurements  of  tem- 
perature. The  correction  for  the  emergent  stem  may  amotint 
to  as  much  as  two  to  four  degrees  at  80  to  100  dpg.  cent.,  the 
reading  in  such  case,  of  course,  being  low.  It  is  possible  to  ob- 
tain thermometers  specially  calibrated  with  only  the  bulb  and 
a  very  short  portion  of  the  stem  immersed  in  the  liquid  or  hot 
atmosphere  used  for  calibration.  Such  thermometers  when  cali- 
brated with,  say,  2  in.  (50.8  mm.)  immersion,  may  safely  be  used 
under  ordinary  conditions,  where  the  temperature  of  the  emer- 
gent stem  is  approximately  the  ordinary  room  temperature 
at  which  the  calibration  was  done.  The  error  due  to  failure 
to  correct  for  emergent  stem  is  far  larger  than 'the  probable  error 
of  even  the  ordinary  commercial  thermometer  when  used  as 
calibrated.  In  fact,  such  commercial  thermometers  are  readily 
obtainable  with  an  accuracy  of  four  to  five  tenths  of  one  degree 
at  100  deg.  cent.  Of  course  the  error  due  to  the  emergent  stem 
is  entirely  independent  of  the  inherent  accuracy  of  the  ther- 
mometer itself. 

The  second  method  of  measuring  temperatures,  or  the  elec- 
trical resistance  thermometer,  is  susceptible  of  a  variety  of  appli- 
cations. Essentially  it  depends  upon  the  accuracy  with  which 
the  coefficient  of  change  of  resistance  with  temperature  is  known. 
The  simplest  and  most  obvious  application  of  this  method  is  the 
use  of  windings  of  the  motor  or  generator  itself.  In  such  case, 
the  material  being  copper,  the  temperature  coefficient  is  assumed 
to  be  0.00428  at  0  deg.  cent.,  0.00386  at  25  deg.  cent.,  and  the 
accuracy  of  the  results  obtained  is  dependent  updn  whether  the 
actual  copper  used  in  the  winding  has  exactly  this  temperature 
coefficient. 

Commercial  copper,  such  as  would  ordinarily  be  used  in  elec- 
trical machines  of  the  kind  being  considered,  would  very  seldom 
vary  enough  from  standard  conductivity  and  hence  from  the 
temperature  coefl5cients  belonging  to  100  per  cent  conductivity 
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copper  to  influence  the  correctness  of  the  temperature  deter- 
mination more  than  one  deg.  cent,  between  the  limits  of  25  and 
100  deg.  cent.  This  question  of  definitely  known  temperature 
coefBcient  is,  therefore,  not  of  importance  in  temperature  deter- 
minations using  the  entire  winding,  but  in  resistance  thermom- 
eters for  accurate  work,  in  which  prepared  coils  are  used,  this 
small  error  is  easily  taken  care  of. 

The  error,  then,  in  measuring  temperature  by  resistance 
of  windings,  may  be  considered  as  governed  almost  entirely  by  the 
ability  to  determine  accurately  their  resistance.  The  error  is 
about  three  deg.  cent,  for  one  per  cent  variation  from  correct 
resistance  values.  When  using  workshop  means  for  determining 
the  resistance  it  is  reasonable  to  expect  measurements  within 
one  per  cent  and,  therefore,  the  temperature  should  be  known  by 
this  means  within  three  or  foiu*  deg.  cent.,  if  the  initial  tem- 
perature and  resistance  are  known.  The  temperature  rise  of  a 
winding  of  a  machine  determined  by  resistance  measurements 
is,  of  course,  subject  to  still  further  uncertainty  due  to  the  diffi- 
culty, especially  in  large  machines,  of  knowing  definitely  the 
temperature  of  the  winding  when  the  cold  resistance  is  observed. 
The  increase  in  resistance  which  is  used  as  the  measure  of 
temperature  corresponds  to  the  average  increase  in  temperature 
of  the  entire  winding  throughout  its  length,  and  the  results  ob- 
tained do  not  indicate  the  temperature  at  any  part  of  the  wind- 
ing. There  may  be  large  differences  in  different  parts  of  the 
same  conductor. 

Another  application  of  the  resistance  method  of  measurement 
consists  in  the  placing  of  fine  wire  coils  at  any  desired  location 
in  or  about  the  winding.  Such  coils  may  be  placed  with  thin 
insulation  practically  in  immediate  contact  with  the  conductor, 
or  they  may  be  embedded  in  the  insulation  at  any  desired  depth. 
In  such  case  highly  accurate  measurements  are  possible,  because 
the  actual  temperature  coefficient  of  the  piece  of  wire  used  as 
the  measuring  device  is  easily  known.     Here  again,  the  increase 

• 

m  resistance  is  the  result  of  the  average  temperature  rise  in  the 

• 

mmiediate  vicinity  of  the  measuring  coil.  The  extent  of  the  coil, 
therefore,  determines  the  degree  to  which  the  temperature  reading 
obtained  is  local.  Such  a  device,  by  bringing  leads  from  the  rcsis- 
^nce  col  to  collector  rings,  may  be  used  to  measure  temperatures 
while  the  parts  in  which  the  measuring  coil  is  embedded  are 
rotating. 

The  practical  value  of  resistance  thermometers  for  high  tem- 
peratures is  doubtful.     Base  metal  coils  are  permanently  changed 
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in  resistance  by  continued  heating  and  if  the  more  expensive  plat> 
inum  windings  do  not  suflfer  from  this  cause,  they  are  at  least  sub- 
ject to  mechanical  damage.  For  the  moderate  temperatures  being 
considered  there  is  no  danger  from  oxidation  and  therefore  copper 
or  some  similar  metal  may  be  used,  and  the  coil  may  be  em- 
bedded in  the  machine  during  construction  and  thus  well  pro- 
tected from  mechanical  damage,  or  it  can  be  made  up  in  form,  to 
be  inserted  later.  The  temperature  coeffident  of  these  coils 
may  be  determined  with  any  desired  degree  of  accuracy  before 
they  are  inserted  and  the  resistance  can  be  measured  within  any 
required  limits  when  they  are  in  place.  For  precision  testing  it  is 
quite  possible  to  obtain  results  without  difficulty  within  a  part 
of  a  degree,  using  some  sort  of  bridge  for  determining  the  resist- 
ance ;  the  bridge  may  be  graduated  to  read  directly  in  tempera- 
ture. For  workshop  and  central  station  applications  of  resist- 
ance thermometers,  direct-reading  temperature-indicating  at- 
tachments, in  the  form  of  indicating  switchboard  instruments, 
may  be  used  and  satisfactory  accuracy  obtained.  The  inserted 
resistance  coils  should  be  reasonably  non-inductive  and  precau- 
tion should  be  taken  to  have  them  so  protected  by  insulation 
that  they  may  not  be  the  cause  of  damage  to  the  windings  of  any 
machine  in  which  they  are  used,  or  the  means  of  transferring 
high  tension  to  the  switchboard  instruments  connected  with 
them  or  to  the  low-tension  d-c.  network  which  supplies  current 
to  operate  the  device.  There  can  be  no  question  of  the  reliability 
of  the  temperature  obtained  by  this  means,  representing  the  aver- 
age of  the  region  occupied  by  the  coil,  but  no  matter  what  sys- 
tem of  connections  is  chosen  and  what  safety  devices  are  ap- 
plied in  connection  with  it,  when  the  coil  is  embedded  in  or  be- 
tween high-tension  windings  it  is  difficult  to  dismiss  entirely 
the  feeling  that  an  added  element  of  danger  to  the  machine  and 
operator  must  be  reckoned  with. 

The  second  electrical  method  of  determining  temperature  is 
that  using  the  thermocouple.  Since  the  electromotive  force 
generated  by  the  thermocouple  is  a  function  of  the  difference 
between  the  temperature  oi  the  junction  of  the  wires  forming 
the  couple  and  that  of  their  free  ends,  it  is  obvious  that  the 
thermocouple  may  measure  the  temperature  more  nearly  locally 
than  any  other  device. 

This  same  fact  requires  that  there  be  accurate  control  of  the 
tem])erature  of  the  free  ends,  or  the  cold  end  temperature,  as  it  is 
commonly  called.     With  this  temperature  controlled  by  immer- 
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sion  of  the  free  ends  in  oil  or  by  other  equally  simple  means  it  is 
posable  to  determine  the  electromotive  force  with  great  accuracy, 
and  because  of  the  ease  with  which  a  thermocouple  may  be  cali- 
brated for  use  at  relatively  moderate  temperatures,  this  method 
of  measurement  is  a  very  satisfactory  one.  One  of  its  most  in- 
teresting applications  is  in  the  estimation  of  the  temperature 
of  the  rubbing  surfaces  of  a  bearing. 

It  is  easily  possible  to  provide  a  minute  junction  with  very 
thin  insulation  and  embed  it  in  the  babbitt  metal  in  a  bearing, 
so  that  it  is  but  a  fraction  of  an  inch  below  the  actual  surface 
of  the  babbitt,  and  by  this  means  the  temperature  of  the  actual 
rubbing  surface  of  bearings,  at  predetermined  points  in  the 
journal,  has  been  measured  very  satisfactorily.  By  similar 
means  the  temperature  of  any  part  of  the  apparatus  may  be 
obtained  if  the  parts  are  still.  Measurements  may  also  be  made 
v-ith  the  apparatus  in  o])eration.  In  the  case  of  rotating  parts, 
however,  it  is  necessary  to  provide  slip  rings  of  such  materials  as 
to  avoid  disturbing  or  parasitic  electromotive  forces.  Artificially 
prolonging  the  couple  in  this  way  permits  the  control  of  the  cold 
end  temperature  and  the  taking  of  readings  during  operation. 

For  the  moderate  temperatures  encountered  in  electrical  ap- 
paratus it  is  not  necessary  to  go  to  the  expensive  rarer  metals 
which  are  required  for  similar  thermocouples  used  for  pyrometers 
at  high  temperatures.  Copper  with  constantan  makes  a  satis- 
factory couple,  yielding  a  readable  electromotive  force  even 
with  small  differences  in  temperature.  In  no  case,  however, 
^ith  the  ordinary  differences  in  temperature  to  be  expected,  will 
any  of  the  thermocouples  commonly  used  yield  sufficient  elec- 
tromotive force  to  permit  the  use  of  ordinary  switchboard  in- 
struments for  reading,  but  instead  the  measurements  must  be 
made  by  instruments  equivalent  to  galvanometers. 

'Hiermocouples  may  be  calibrated  to  give  accurate  indications 
0^  temperature,  and  when  used  with  directly  indicating  instru- 
^^\.^,  results  within  a  degree  or  two  may  be  expected.  For 
more  refined  work  potentiometer  arrangements  may  be  ap- 
phed  and  by  this  means  any  desired  degree  of  precision  can  be 
reached. 

Of  the  methods  of  measurement  mentioned,  ordinary  ther- 
mometry is  the  simplest,  quickest,  and  most  easily  performed, 
^^^  it  is  the  least  accurate.  It  is  usually  applicable  only  to 
surface  ccmditions,  and  can  seldom  be  used  to  determine  anything 
^^iceming  the  internal  temperatures  of  the  apparatus.     The 
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choice  between  the  electrical  resistance  method  and  the  thermo- 
electric method  is  largely  determined  by  conditions,  and  ease  of 
application  in  the  individual  case.  Both  methods,  compared 
with  ordinary  thermometry,  are  somewhat  more  difficult  of 
application  and  require  more  delicate  apparatus  than  the  ordi- 
nary meters  used  in  commercial  testing.  In  rapidity  of  indica- 
tion the  thermocouple  will  rank  first,  if  properly  applied,  though 
the  indications  of  the  electrical  resistance  thermometer  will  be' 
nearly  as  rapid,  provided  the  resistance  coil  is  of  right  propor- 
tions and  applied  in  intimate  thermal  contact  with  the  parts 
whose  temperature  is  to  be  measured. 
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METHODS    OF    DETERMINING    TEMPERATURE    OF 
TRANSFORMERS  AND  OF  COOLING  MEDIUM 


BY  S.  E.  JOHANNESEN  AND  G.  W.  WADE 


Of  all  measurements  applied  to  transformers,  none  are  so 
difficult  to  duplicate  and  to  obtain  accurate  and  consistent 
results  from,  as  tests  for  determining  temperature  rise.  There 
are  a  great  many  different  conditions  to  be  controlled  or  corrected 
for  in  case  of  variation.  The  difficulties  are  principally  due  to 
the  four  following  causes: 

1.  Variations  in  load,  including  voltage,  current  and  frequency. 

2.  Variations  in  the  cooling  medium  with  regard  to  its  condi- 
tion, its  temperature,  and  the  quantity  supplied  in  case  of  arti- 
ficial cooling. 

3-  Inaccuracies  in  the  measurement  of  the  effective  tempera- 
ture of  the  cooling  medium. 

4.  Inaccuracies  in  the  measurement  of  hot  temperatures. 

The  first  and  second  of  the  above  causes  are  not  within  the 
province  of  this  paper,  but  the  other  two  will  be  taken  up  in  the 
above  order  after  a  short  discussion  of  the  measurement  of 
^^perature. 

Thermometers 

Temperatures  are  usually  measvired  by  means  of  mercury 
tnermometers,  although  other  types  are  sometimes  used  for 
special  purposes. 

Mercury  thermometers  are  made  for  various  ranges  of  tempera- 
^^e  and  for  various  degrees  of  accuracy.  Other  things  being 
^<iual,  the  shorter  the  range  the  higher  the  degree  of  accuracy. 
1^  IS  desirable,  therefore,  to  select  a  thermometer  having  a  range 
just  sufficient  to  include  all  the  temperatures  to  be  measured. 
For  air  temperatures  a  range  from  about  0  to  50   deg.   cent. 
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is  most  suitable,  while  a  wider  range,  say  from  0  to  100  deg. 
cent.,  is  usually  necessary  for  determining  hot  temperatures. 
For  such  ranges  mercury  thermometers  can  be  made  for  an 
accuracy  of  about  0.01  dcg.  plus  or  minus,  but  these  are  too 
expensive  and  too  fragile  for  ordinary  use.  The  cheapest  form 
has  an  accuracy  of  about  1  dcg.  plus  or  minus.  Mercury 
thermometers  are  best  suited  for  the  determination  of  tem- 
peratures of  air,  tanks,  and  other  iron  parts.  They  should  not 
be  used  in  strong  magnetic  fields  on  account  of  the  heating  due 
to  eddy  currents  induced  in  the  mercury.  It  is  preferable  not 
to  use  them  inside  the  transformer  case  unless  the  bulb  is  very 
carefully  protected,  since  short  circuits  may  be  caused  by  the 
mercury  falling  on  the  coils  or  leads  in  case  the  bulb  is  broken. 

Spirit  thermometers  are  most  suitable  for  obtaining  tempera- 
tures of  coils  or  oil,  as  they  are  not  affected  by  magnetic  fields 
and  as  no  bad  results  will  be  caused  by  their  breakage.  They 
are  not  as  accurate  or  as  reliable  as  mercury  thermometers  and 
it  is  necessary  to  calibrate  them  for  the  condition  under  which 
they  are  to  be  used  in  order  to  obtain  correct  readings.  For 
instance,  one  calibrated  with  a  5-cm.  immersion  of  the  bulb  in 
oil  would  not  give  accurate  results  when  used  totally  immersed. 
With  proper  ^calibration,  however,  they  have  an  accuracy  of 
about  1  deg.  plus  or  minus  ih  the  0  to  100  deg.  range. 

Capillary  tube  thermometers  are  useful  for  determining  tem- 
peratures at  a  distance  below  the  oil  surface.  They  have  about  the 
same  degree  of  accuracy  as  spirit  thermometers  but  are  much 
more  expensive.  Care  should  be  exercised  to  keep  them  away 
from  the  coils  and  leads. 

Resistance  thermometers  are  very  useful  for  determining 
temperatures  at  points  inaccessible  to  the  other  types.  They 
can  be  made  with  a  higher  degree  of  acciu*acy  than  the  capillary 
tube  type  but  are  somewhat  more  expensive. 

Great  care  is  needed  in  placing  thermometers  so  as  to  determine 
the  temperature  of  the  flat  surfaces,  such  as  tanks,  cores,  and 
coils.  It  is  best  to  cover  the  bulb  entirely  with  some  material 
such  as  putty,  so  as  to  give  a  good  surface  contact  and  to  keep 
the  bulb  from  the  influence  of  air  currents  on  the  side  away  from 
the  siuface.  Cotton  waste  may  be  used  for  this  piu*pose,  but 
it  is  not  quite  as  desirable  as  putty  or  some  substance  of  the  same 
nature,  because  it  does  not  entirely  prevent  air  currents  from 
coming  in  contact  with  the  bulb.  For  measuring  temperatures 
between  coils  of  air-blast  transformers,  a  good  method  is  to  use 
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cork.  A  hole  large  enough  to  allow  the  thermometer  btdb  to  be 
inserted  should  be  drilled  into  the  cork,  after  which  it  should  be 
cut  away  on  one  side  so  as  to  leave  a  part  of  the  surface  of  the 
bulb  exposed,  this  exposed  surface  being  set  against  the  coil. 
The  cork  should  be  cut  wedge-shaped  with  a  pointed  bottom, 
so  that  it  will  not  impede  the  flow  of  the  cooling  mediiun. 

Effective  Temperature  of  Cooling  Medium 

As  the  measurement  of  this  temperature  depends  to  a  great 
extent  upon  the  method  of  cooling,  we  will  take  up  the  various 
methods  in  their  order,  beginning  with  the  oil-immersed  self- 
cooled  type. 

If  the  room  temperature  is  kept  absolutely  constant  through- 
out a  heat  run,  its  actual  temperature  is  the  effective  reference 
base.  Mercury  thermometers  placed  in  the  air  or  in  small  oil 
cups  are  entirely  satisfactory  for  the  determination  of  this  tem- 
perature. The  precautions  mentioned  in  the  Standardization 
Rules,  section  263,  should  be  observed: 

"The  thermometers  indicating  the   roonf  temperature 
should  be  protected  from  thermal  radiation  emitted  by 
heated  bodies,  or  from  drafts  of  air,  or  from  temporary 
fluctuations  of  temperature.     Several  room  thermometers 
should  be  used.'* 
As  the  above  rule  does  not  state  that  a  constant  room  tempera- 
ture is  required,  it  may  be  inferred  that  a  varying  room  tempera- 
ture is  permissible,  and  that  the  effective  room  temi)erature  is  the 
air  temperature  at  the  end  of  the  run.     Such  an  interpretation 
as  this  may  not  cause  errors  in  the  detennination  of  rise  on  air- 
cooled  apparatus  but  it  does  cause  very  serious  errors  in  tests 
of  oil-immersed  transformers.     The  realization  of  this  source 
of  error  has  given  rise  to  various  methods  of  determining  the 
effective  room  temperature,  such  as: 

1-  Average  room  temperature  over  several  hours  preceding 
theendof  therun. 

2-  Final  room  temperature  measured  by  thermometer  in  a 
small  oU   bath. 

3.  Average  room  temperature  by  means  of  oil  bath  for  several 
hours  preceding  the  end  of  the  run. 

The  oil  bath  referred  to  is  a  small  vessel  filled  with  oil.  The 
niost  commonly  used  is  probably  that  standardized  by  the  United 
States  Navy,  which  consists  of  a  steel  cylinder  7.6  cm.  long  and 
5.1  cm.  in  diameter,  into  which  is  drilled  a  hole  1.27  cm.  in  dia- 
meter and  3.8  cm.  deep. 
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'.  None  of  the  above  methodc  give  the  effective  room  temperature 
(except  accidentally)  because  they  do  not  take  into  account  the 
fact  that  different  transformers  are  affected  to  different  degrees 
by  varying  air  temperatures.  Oil-immersed  transformers  are 
extremely  slow  in  following  changes  in  the  temperature  of  the 
cooling  medium.  .Their  slowness  varies  directly  with  the  size, 
which  is  a  measure  of  thermal  capacity  or  power  of  retaining 
heat,  and  inversely  as  their  radiating  ability,  which  is  a  measure 
of  the  power  of  dissipating  heat.  The  thermal  capacity  of  oil 
is  very  high,  its  specific  heat  being  in  the  neighborhood  of  0.40. 
The  slowness  of  a  transformer  in  following  changes  of  air  tem- 
perature is  also  noticed  when  it  is  heating  up  under  load.  The 
following  table  shows  the  approximate  time  required  by  several 
representative  self -cooled,  oil-immersed  transformers  to  reach 
various  percentages  of  their  ultimate  temperature  rise  when 
heated  up  on  normal  load. 


Size  of  transformer 

• 

Per  cent  of  final  temperature  rise 

60 

90 

99 

2  kv-a. 
16      " 
40      - 
500      ' 

2hr. 

4  • 

5  - 

6  • 

5hr. 
10  • 

12  - 

13  ■ 

10  hr. 
20    • 
24    - 
26    - 

It  will  be  easily  seen  from  the  above  that  the  only  accurate 
method  of  correcting  for  varying  room  temperatures  is  by  means 
of  some  device  which  produces  a  lag  behind  the  air  temperatures 
corresponding  in  degree  and  in  phase  with  the  lag  of  the  heated 
transformer.  Since  each  design  has  its  own  rate  of  lag  it  is 
evident  that  a  different  device  is  needed  in  each  case.  The 
most  satisfactory  device  which  has  been  found  is  another  trans- 
former of  the  same  design,  preferably  a  duplicate  of  that  under 
test.  This  auxiliary  or  idle  unit  should,  of  course,  be  without 
load  and  subjected  to  the  same  cooling  medium  as  the  heated 
transformer.  Since  its  mass  and  working  parts  are  the  same  as 
the  one  under  test,  it  must  of  necessity  be  affected  by  varjnng 
room  temperatures  in  exactly  the  same  way  as  the  heated  trans- 
former. The  only  difference  between  the  two  is  that  due  to  the 
load,  so  that  the  difference  of  temperature  between  them  must 
be  due  entirely  to  the  load. 

In  oil-immersed  transformers,  the  effective  temperature  of 
the  cooling  medium  is  the  average  temperature  of  the  idle  unit. 
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Tins  should  be  determined  by  taking  the  average  of  the  top  and 
bottom  oil.  If  the  bottom  oil  temperature  cannot  be  measured 
directly,  it  may  be  approximated  very  closely  by  first  measuring 
the  temperature  of  the  top  oil,  the  top  tank  just  under  the  oil 
levd,  and  the  bottom  tank,  and  then  calculating  the  average 
<nl  as  follows: 

If  /i  is  the  top  oil,  Ot  the  top  tank,  and  Ot  the  bottom  tank 
temperature,  the  bottom  oil    is 

0, 
and  the  average  oil  temperature  is 


1 

'^ 

1 

1 

iiy 

A'\^- 

- 

/■- 

, 

S 

- 

Sf" 

j  1 1^ 

%! 

- 

/^^ 

\i 

Sa 

3^ 

■#frr 

V 

Ri^ 

c 

r.r.V^^;-^^ 

1 J 

a 

0^ 

» 

^■jsa 

TO 

S: 

0 

i 

K) 

*^ 

M 

S: 

» 

IZ 

M 

1:30 

Another  way  in  which  the  average  temperature  of  the  idle 
init  may  be  determined  is  to  measure  the  resistance  and  ob- 
serve the  temperature  before  the  oil  is  put  in.  Then  whenever 
the  average  temperature  is  desired,  the  resistance  should  be 
measurtd  and  the  temjxirature  calculated.  It  is  considered  best, 
however,  to  use  this  calculatei]  temperature  merely  as  a  check 
upon  the  temperature  observed  by  thermometers. 

Pig-  1  and  Table  I  show  the  hourly  readings  of  temperature 
of  top  and  bottom  oil  of  a  185-kv-a.  idle  transformer  compared 
with  room  temperatures  over  a  period  of  24  hours  during  which 
the  air  had  a  total  variation  of  approximately  10  deg,      Atteu- 


196 


JOHANNESEN  AND  WADE: 


[Feb.  26 


tion  is  called  to  the  corresponding  cycles  of  the  temperatures, 
especially  to  the  fact  that  the  oil  cycle  lags  several  hours  behind 
the  air  in  time  phase  and  has  much  smaller  maximum  and  mini- 
mum peaks  than  the  air  temperature.     The  bottom  and  top  oil 


TABLE  I 
IDLE  UNIT  RUN.  185-KV-A..  SELF-COOLED.  OIL-IMMERSED  TRANSFORMER 


Oil  temi>eraturei 

Hour 

Room 
temperature 

Top 

Bottom 

2:30  p.m. 

deg.  cent. 

deg.  cent. 

deg.  cent. 

28.2 

24.9 

22.5 

3:30 

28.3 

25.3 

22.8 

4:30 

28.4 

26.0 

23.0 

5:30 

26.2 

26  0 

23.3 

6:30 

24.2 

26.0 

23.7 

7:30 

22.6 

26.0 

24.0 

8:30 

22  2 

25.5 

24.0 

9:30 

21.1 

25.0 

24.0 

10:30 

20.5 

24.6 

•    23.8 

11:30 

19.9 

24.5 

23.2 

12:30  a.m. 

18.3 

23.5 

22.5 

1:30 

18.4 

23.4 

22.2 

2:30 

18.2 

23.0 

21.5 

3:30 

18.3 

22.5 

21.0 

4:30 

19.4 

22.5 

21.0 

5:30 

18.9 

22.0 

21.0 

6:30 

18.6 

21.8 

20.6 

7:30 

19.4 

21.6 

20.0 

8:30 

20.5 

21.5 

20.0 

9:30 

21.6 

21.5 

20.0 

10:30 

23  5 

21  8 

20.3 

11:30 

24.3 

22.7 

21.1 

12:30  p.m. 

24  9 

23.1 

21.3 

1:30 

26.1 

23.7 

22.0 

2:30 

25.8 

24.2 

22.4 

3:30 

25.9 

24.7 

23.0 

4:30 

26  0 

25.0 

23.3 

5:30 

24  6 

25  0 

23  3 

6:30 

23  5 

25.1 

23.2 

7:30 

22.1 

25.0 

23.2 

8:30 

20.6 

24.8 

23.2 

9:30 

21.1 

24.5 

23.1 

10:30 

20.5 

24.0 

23.0 

11:30 



12:30 

19.7 

23.5 

22.5 

follow  the  same  curve,  the  difference  in  temperature  between 
them  being  nearly  constant.  The  bottom  oil  seems  to  have  a 
slight  tendency  to  start  downward  later  than  the  top  oil  when 
the  room  temperature  is  decreasing  and  to  start  upward  earlier 
than  the  top  oil  when  the  room  is  increasing.     This  is  probably 
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due  to  the  fact  that  the  room  reaches  the  temperature  of  the 
bottom  oil  later  when  decreasing  and  earlier  when  increasing. 
The  following  tabulation  of  average  values  for  a  period  of  24 
hours  is  rather  interesting. 

Average  air  temperature 22 .  45  deg . 

«       top  oil    " 23.65  deg. 

•  bottom  oil  temperature 22. 05  deg. 

*  top  and  bottom  oil  temperature 22.85  deg. 

The  average  of  the  top  and  bottom  oil  is  0.4  deg.  higher  than 
the  average  air,  but  since  this  is  within  the  range  of  accuracy  of 
the  thermometers  used,  no  attempt  will  be  made  to  explain  it. 

The  conclusion  that  the  idle  unit  and  the  heated  transformer 
are  affected  in  exactly  the  same  way  by  varying  air  temperatiu'es 
is  based  on  the  supposition  that  the  coefficients  for  emission  and 
absorption  of  heat  are  exactly  the  same  and  that  the  heat  given 
out  is  directly  proportional  to  the  temperature  rise.  This  is  so 
nearly  true  for  tank  surfaces  within  the  range  of  transformer 
operation  that  the  errors  introduced  due  to  such  an  assumption 
are  negligible. 

In  the  case  of  water-cooled  transformers,  the  problem  is  com- 
plicated by  the  fact  that  we  have  to  consider  two  cooling 
mediums  instead  of  one.  The  water  remains  practically  con- 
stant over  any  period  of  time  usually  needed  for  a  heat  run,  so 
that  no  corrections  for  variations  in  the  temperature  of  the  water 
during  the  run  need  be  considered.  Some  method  of  correcting 
for  variations  in  air  temperature  during  the  run  is  desirable,  but 
these  variations  have  only  a  slight  effect  on  the  temperature  of 
the  hot  unit  because  the  greater  part  of  the  heat  is  carried  away 
by  the  water.  Consequently  no  serious  error  in  the  temperature 
rise  will  be  introduced  by  considering  the  ingoing  water  as  the 
true  reference  base.  There  is,  however,  a  small  error,  and  it  is 
possible  that  the  idle  unit  may  serve  to  eliminate  it,  or  at  least 
to  give  more  nearly  correct  rises  than  the  ingoing  water  tem- 
perature. We  have  not  yet  been  able  to  obtain  sufficient  data  on 
this  subject  to  j^rove  that  the  idle  unit  gives  more  nearly  the 
effective  temperature  of  the  cooling  medium  than  the  ingoing 
^ter.  In  the  absence  of  such  proof,  it  is  best  to  continue  the 
psst  practise  of  using  the  ingoing  water  as  the  base.  The  errors 
caused  by  this  practise  will  depend  on  the  relative  quantities  of 
Iwat  dissipated  by  the  two  cooling  mediums.  If  all  of  it  were 
taken  by  the  water,  no  attention  need  be  paid  to  the  air  tempera- 
ture.   However,  the  air  does  take  from   10  to  30  per  cent 
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ordinarily,  so  that  the  eflfective  base  is  somewhere  between  the 
temperature  of  the  water  and  that  of  the  air. 

Air-blast  and  air-cooled  transformers  follow  changes  in  air 
temperatiire  much  more  closely  than  do  the  oil-immersed  types 
because  their  thermal  capacities  are  considerably  smaller.  The 
ingoing  air  temperature  may  be  taken  as  the  eflfective  base,  pre- 
cautions being  taken  to  guard  against  sudden  fluctuations.  A 
small  oil  cup  will  serve  to  prevent  errors  due  to  small  and  sudden 
changes  in  the  air  and  will  also  have  a  slight  lag  behind  the 
air,  corresponding  approximately  to  that  of  the    transformer. 

Methods  of  Measuring  Hot  Temperatures 

Hot  temperatures  should  always  be  determined  by  resistance 
as  well  as  by  thermometers. 

Thermometers  should  be  placed  so  as  to  indicate  the  tempera- 
ture of  the  hottest  part.  In  oil-immcrscd  transformers  this  is 
usually  the  top  oil  directly  over  the  coils.  In  water-cooled  units 
care  must  be  taken  to  keep  the  thermometer  away  from  the  cool- 
ing coils,  as  the  oil  is  much  cooler  in  that  vicinity,  the  coldest  oil 
being  between  the  cooling  coils  and  the  tank.  In  air-cooled 
transformers  the  hottest  point  is  usually  near  the  top  of  the  coils 
and  the  thermometers  should  be  placed  at  a  number  of  diflEerent 
points  on  the  coils  so  as  to  find  this  maximum. 

Hot  resistances  may  be  measured  by  any  one  of  the  four  fol- 
lowing methods: 

1.  Voltmeter  and  ammeter. 

2.  Potentiometer. 

3.  Wheatstone  bridge. 

4.  Kelvin  or  Thompson  double  bridge. 

For  such  resistances  a  method  giving  quick  readings  is  essential, 
as  considerable  error  may  be  introduced  by  the  cooling  of  wind- 
ings after  the  load  is  taken  oflf  and  before  the  resistances  are 
measured.  The  quickest  readings  can  be  obtained  by  the  volt- 
meter and  ammeter  method,  for  which  reason  its  use  is  recom- 
mended, except  for  very  high  or  very  low  resistances.  For 
high  resistances  this  rnethod  requires  a  very  high  voltage  in 
order  to  i)roduce  an  appreciable  current,  and  unless  the  volt- 
meter has  a  high  resistance  itself,  a  large  correction  factor  is 
required  on  account  of  the  large  part  of  the  current  taken  by 
the  voltmeter.  The  potentiometer  or  the  Wheatstone  bridge, 
although  less  rapid  than  the  voltmeter  and  ammeter  method, 
are  better  for  the  high  resistances.     For  low  resistances  the  volt- 
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meter  and  ammeter  method  is  not  desirable,  because  of  the  very 
large  current  required  to  produce  a  voltage  which  can  be  ac- 
curately measured.  The  Wheatstone  bridge  method  is  not 
accurate  for  such  use  because  its  resistances  include  leads  and 
contacts  which  are  a  large  proportion  of  the  total  resistance  in 
such  cases.  The  potentiometer  avoids  these  errors  and  it  is 
therefore  recommended  for  measurement  of  low  resistances. 

In  using  the  voltmeter  and  ammeter  method,  care  must  be 
taken  to  avoid  including  the  resistance  of  leads  and  contacts.  This 
can  be  done  by  carrying  separate  leads  to  the  voltmeter  and  to 
the  ammeter  and  attaching  them  at  different  points  on  the  trans- 
fonner  leads.  If  the  voltmeter  takes  an  appreciable  part  of  the 
total  current  supplied,  this  part  should  be  subtracted  from  the 
measured  current  before  the  resistance  is  calculated.  In  apply- 
ing the  direct  current  an  induced  counter  c.m.f .  lowers  the  volt- 
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Fig.  2 — Applying  Direct  Current  so  as  to 
Neutralize  Inductive  Effect 


meter  reading  for  a  time.  This  induced  e.m.f.  gradually  dis- 
appears, but  is  objectionable  because  it  delays  the  reading  of 
the  voltmeter.  It  can  be  caused  to  decrease  more  rapidly  by  rais- 
ing the  ciurent  at  first  to  a  value  about  10  or  15  per  cent  in  ex- 
cess of  that  desired  and  then  bringing  it  down  slowly.  It  may  be 
entirely  eliminated  in  a  winding  provided  with  a  middle  tap  or 
divided  into  two  equal  parts,  by  applying  the  direct  current  in 
^Posite  directions  through  the  two  halves  as  shown  in  Fig.  2. 

h  using  the  Wheatstone  bridge  the  resistance  of  the  leads 
fr^m  the  bridge  to  the  transfonner  must  be  subtracted  from 
^c  observed   value. 

In  determining  rise  by  resistance  by  means  of  the  voltmeter 
^d  ammeter  method,  the  idle  unit,  if  it  is  a  duplicate  of  the 
located  unit,  is  of  considerable  value  when  used  as  follows:  The 
''csistance  of  the  two  units  should  be  compared  before  a  heat 
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run,  care  being  taken  to  see  that  they  are  at  the  same  tempera- 
ture. The  corresponding  windings  should  be  connected  in 
series  and  with  current  forced  through  them  the  drop  across 
each  should  be  measured.  The  hot  resistance  of  the  unit  under 
test  should  be  compared  with  that  of  the  idle  unit,  measurement 
being  made  in  the  same  way  as  before.  The  rise  by  resistance 
should  be  calculated  directly  from  these  comparative  voltmeter 
readings.  If  there  is  a  difference  between  the  initial  resistances 
of  the  two  units,  a  correction  should  be  made  before  calculating 
the  rise  by  multiplying  the  final  resistance  of  the  idle  unit  by 
the  ratio  of  the  initial  resistances  of  the  heated  unit  to  the  idle 
unit,  or  to  put  in  the  shape  of  a  formula,  we  have 

Temp,  rise  =   i^^^^/  -  l)  (233.8  +  T.) 

where 

Vi  =  initial  resistance  voltage  of  loaded  transformer 

7i  =         "  "  "       "  idle  " 

Vt  =  final  «  «       "  loaded 

74  =         "  "  "       "  idle  « 

Ti  =         "     temperature  "     "  " 

and  233.8  =  the  inferred  absolute  temperature  of  resistance. 

This  method  eliminates  practically  all  errors  due  to  any  changes 
in  the  instruments  between  the  measurement  of  the  cold  and 
the  hot  resistance.  Errors  in  ammeter  readings  can  have  no 
effect,  since  the  same  current  is  sent  through  both  transformers. 
It  is  not  necessary  to  know  the  actual  temperature  correspond- 
ing to  the  cold  resistance  because  all  that  is  needed  is  the  compara- 
tive value  when  the  two  are  at  the  same  temperature.  The 
final  temperature  of  the  idle  unit  need  be  known  only  approxi- 
mately, as  its  temperature  is  the  effective  base  and  the  only 
error  caused  by  a  mistake  in  reading  this  temperattire  is  that 
due  to  the  use  of  a  slightly  incorrect  temperature  coefficient. 

The  amount  of  current  to  be  used  in  measuring  resistance 
should  be  chosen  so  as  not  to  cause  any  appreciable  heating 
due  to  PR  when  the  cold  resistances  are  measured.  This  means 
that  the  direct  current  should  not  ordinarily  exceed  15  to  20 
per  cent  of  the  rated  current  of  the  winding. 

When  resistances  are  very  low,  0.001  ohms  or  less,  it  is  usually 
difficult  to  obtain  accurate  measurements.  Consequently,  it  is 
preferable  to  depend  upon  the  temperature  shown  by  ther- 
mometer or  by  resistance  of  the  other  winding. 
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Exploring  Coils 

The  rise  by  resistance  shows  only  the  average  temperature 
of  the  ¥rinding.  It  is  sometimes  considered  desirable  to  ascer- 
tain temperatures  at  points  where  it  is  suspected  that  the  values 
will  be  considerably  above  the  average.  This  can  be  done  by 
means  of  small  exploring  coils.  It  is  also  desirable  in  some  cases 
to  determine  the  temperature  of  the  windings  without  cutting 
off  the  load.  This  may  be  accomplished  by  means  of  a 
small  exploring  coil  which  measures  a  local  temperature, 
or  by  means  of  a  distributed  coil  which  extends  through  a  large 
part  or  all  of  the  transformer  winding. 

The  first  form,  which  may  be  called  a  local  exploring  coil,  is 
usually  wound  on  some  insulating  material,  and  is  thoroughly 
insulated  from  the  main  winding.  The  other  form,  or  distributed 
coil,  may  be  wound  turn  for  turn  with  the  transformer  winding. 
It  should  be  grounded  to  the  transformer  winding  at  one  point 
and  carefully  instdated  elsewhere.  Either  form  of  coil  should  be 
wound  non-inductively  so  that  the  alternating  current  will  not 
affect  the  readings  or  cause  high  induced  voltages. 

In  general,  the  differences  in  local  temperatures  are  not  large 
enough  to  warrant  the  use  of  local  exploring  coils  except  in  labora- 
tory investigations.  It  is  desirable  to  know  the  temperature  of 
coils  when  transformers  are  in  actual  operation,  but  the  advan- 
tage gained  is  not  considered  large  enough  to  compensate  for  the 
added  element  of  danger,  due  to  the  presence  of  exploring  coils 
in  the  windings. 

Cooling  of  Windings 

Mention  has  been  made  of  the  cooling  of  the  windings  after 
•load  is  removed.  As  a  matter  of  fact,  the  whole  transformer 
^^k,  but  the  rate  is  very  slow  in  the  case  of  oil-immersed  types. 
T^he  thermal  capacity  of  the  coils,  however,  is  much  less  than  that 
^f  the  other  parts  and  as  a  result,  the  windings  cool  to  the  aver- 
age temperature  much  more  quickly  than  the  entire  transformer 
^s  to  the  air  or  cooling  medium.  For  instance,  the  thermal 
Opacity  of  the  copper  of  a  certain  185-kv-a.  transformer  is 
about  98,000  joules,  while  that  of  the  oil  is  about  2,200,000  joules, 
derate  of  this  cooling  of  windings  may  be  calculated  as  follows: 

The  windings  are  at  a  constant  temperature  rise  above  oil 
l^ore  the  load  is  taken  off,  so  that  the  rate  at  which  they  are 
giving  out  heat  is  the  same  as  the  rate  at  which  energy  is  being 
put  into  them,  or  in  other  words,  it  is  the  copper  loss.     This  rate 
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continues  for  a  short  period  after  the  load  is  taken  off.  The 
thermal  capacity  of  a  pound  of  copper  is  about  177  joules. 
Then,  if  the  coils  are  giving  out  heat  at  the  rate  of  one  watt  per 
pound  (0.45kg.),one  joule  will  be  lost  during  the  first  second  after 
shut-down.  This  will  cool  the  coil  l/177th  of  a  degree  in  the  first 
second,  and  60  times  this  amount,  0.342  deg.,  in  the  iiist  minute. 
At  three  watts  per  pound  (0.45  kg.)  the  cooling  in  the  first  minute 
A'ould  be  approximately  1.04  deg.  These  values  will  be  modi- 
fied to  some  extent  by  the  fact  that  the  insulation  of  the  coil  has 
a  certain  thermal  capacity,  thus  increasing  the  total  value  and 
decreasing  the  rate  of  cooling.  This  rate  decreases  as  the  coil 
comes  nearer  and  nearer  to  the  oil  temperature,  reaching  the 
zero  value  when  the  rise  above  oil  becomes  zero.     The  curve  of 
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temperature  against  time  is  logarithmic  in  shape,  the  rate  of 
cooling  at  any  point  being  proportional  to  the  rise  above  the  base 
temperature.  The  total  time  of  cooling  varies  with  the  design, 
but  in  ordinary  cases  it  is  between  30  and  60  minutes.  We  are 
interested  mostly  in  the  first  minute  or  two,  and  during  this 
period  there  is  very  little  change  in  the  rate.  If  the  watts  loss 
per  pound  of  copper  is  known,  an  approximate  correction  can  be 
made  by  calculating  the  initial  rate,  noting  the  time  at  which  the  re- 
sistance reading  is  obtained  and  multiplying  this  time  by  the  rate, 
finally  adding  this  to  the  measured  temperature  rise.  This  cor- 
rection is,  however,  only  approximate  and  should  not  be  applied 
for  periods  of  more  than  a  few  minutes.  Another  method  which 
gives  more  accurate  results  is  to  take  readings  of  resistance  over 
B  period  of  six  or  eight  minutes  so  as  to  determine  th?  shape  of 


uiq 


DETERMINATION  OF  TEMPERATURE 


the  cooling  curve,  then  prolong  the  curve  so  as  to  show  the  initial 
resistance.  This  method  has  the  disadvantage  that  it  allows 
the  tiansformer  to  cool  considerably  and  thus  prolongs  the  heat 
niD  in  case  any  further  measurements  are  desired,  such  as  the  rise 
by  resistance  of  the  other  winding. 

Representative  cooling  curves  of  windings  of  self-cooled  oil- 
immersed  transformers  are  shown  in  Pigs.  3  and  4. 

The  rate  of  cooling  of  windings  in  air-blast  transformers  is 
lessened  considerably  if  the  air  is  shut  off  simultaneously  with 
the  load.  In  fact  it  is  quite  often  found  that  the  thermometers 
on  the  coils  indicate  an  increase  in  temperature  for  the  first  few 
minutes.  This  is  probably  because  the  shutting  off  of  the  air 
supply  leads  to  an  equalization  of  temperature  throughout  the 
coi^,  thus  reducing  the  higher  and  increasing  the  lower  tem- 
pentuies. 
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Measuring  Resistance  without  Cutting  off  Load 
Resistance  of  windings  having  a  middle  tap  or  divided  in  two 
equal  parts  may  be  measured  while  the  load  current  is  passing 
tlirough  them,  by  the  method  shown  in  Fig.  5.  This  figure  shows 
1w  ordinary  connections  for  a  bucking  run  on  two  transformers. 
OKh  of  which  is  provided  with  a  middle  tap  in  each  winding. 
Theexritation  or  core  loss  voltage  is  applied  to  the  two  high- voltage 
bindings  connected  in  multiple,  while  the  copper  loss  is  supplied 
i"  series  with  the  two  low-voltage  windings.  When  it  is  desired 
to  measure  the  resistance  of  the  high-voltage  windings  in  this 
t>se  the  direct  current  is  applied  to  the  middle  points  of  the  two 
*indings,  between  which  there  is  no  difference  of  potential  due 
to  the  alternating  current.  The  direct  current  flows  in  opposite 
diiections  in  the  two  halves,  thus  neutralizing  its  own  inductive 


204  JOHANNESEN  AND  WADE:  (Feb.  26 

effect.  The  measured  resistance  is  that  of  the  two  windings 
in  multiple.  It  will  be  noted  that  this  measurement  can  be 
made  without  disturbing  the  heat  run  connections  or  losses  in 
any  way. 

It  is  usually  considered  desirable,  however,  on  account  of 
safety.to  cut  off  the  excitation  or  core  loss  supply  while  the  direct- 
current  instruments  are  being  read. 

The  middle  points  of  the  low-voltage  windings  shown  in  the 
figure  are  not  at  the  same  potential,  because  of  the  unbalancing 
due  to  th;  copper  loss  supply  voltage  which  is  in  series  with  them. 
This  makes  it  necessary  to  provide  an  auxiliary  or  equalizing  coil 
so  as  to  provide  an  artificial  middle  point.  This  equalizing  coil 
may  be  one  of  the  windings  of  a  similar  transformer.  The 
measured  resistance  is  that  of  the  two  halves  of  the  equalizing 
coil  connected  in  multiple  with  the  two  halves  of  the  loaded  trans- 


former. The  actual  value  of  the  resistance  of  the  transfonner 
may  be  calculated  after  the  resistance  of  the  equalizing  coil  alone 
has  been  measured. 

This  method  is  too  complicated  for  general  use,  but  is  desirable 
where  it  is  not  convenient  to  cut  off  the  load  for  resistance 
measurements  and  where  a  large  error  would  be  caused  by  cooling 
of  windings.  It  has  several  advantages  over  the  old  method, 
among  which  the  following  may  be  mentioned: 

1.  It  makes  it  possible  to  measure  resistance  as  often  as  de- 
sired without  lengthening  the  heat  run. 

2.  It  eliminates  drop  in  temperature  due  to  cutting  off  load 
while  measuring  resistance. 

Heat  Run  with  Idle  Unit 

Fig.  6  and  Table  II  give  a  record  of  a  heat  run  on  a  500-kv-a. 

oil-immersed  self -cooled  transformer;     temperatures  of  top  oil 
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of  idle  unit,  top  oil  of  heated  unit  and  of  surrounding  air  being 
shown  each  hour  during  a  period  of  about  four  days.  The  cxjm- 
parative  rises  of  the  heated  unit  above  air  and  above  the  top  oil 
of  the  idle  unit  have  also  been  plotted.  Particular  attention  is 
called  to  the  wide  variation  in  room  temperature  as  compared  with 
the  top  oil  temperature  of  the  two  transformers.  Each  of  the 
three  curves  shows  cycles  corresponding  to  24-hour  periods.  The 
oil  temperature  cycles  lag  several  hours  behind  the  air,  those  of 
the  idle  unit  being  practically  in  phase  with  those  of  the  hot  unit. 
The  cycles  of  rise  above  air  are  the  reverse  of  those  of  air  tem- 
perature and  have  about  the  same  range  of  temperature.  The 
rise  above  the  top  oil  of  idle  unit  also  shows,  faintly,  cycles  in 
phase  \vith  those  of  the  rise  above  air,  but  the  variations  in  the 
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value  of  this  rise  are  considerably  less  than  those  of  the  rise  above 
air.  The  fact  that  these  cycles  are  in  phase  with  the  rise  above 
room  indicates  that  the  idle  unit  docs  not  entirely  compensate 
for  variations  in  air  temperatures,  or,  in  other  words,  that  it  is 
not  affected  to  as  great  an  extent  as  the  heated  unit  by  such 
variations.  This  may  be  true,  but  even  if  it  is,  the  test  shows 
that  the  idle  unit  gives  far  more  consistent  results  than  any  other 
method  so  far  suggested.  The  ap|jroximately  correct  tempera- 
ture nse  may  be  determined  by  calculating  the  rise  above  room 
each  hour  for  a  complete  cycle  of  24  hours  after  ultimate  rise  is 
reached,  and  averaging  the  result.  This  method,  although  too 
expensive  for  general  use,  is  useful  in  some  cases  and  gives  some 
interesting  data  in  this  case. 
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effect.  The  measiired  resistance  is  that  of  the  two  windings 
in  multiple.  It  will  be  noted  that  this  measurement  can  be 
made  without  disturbing  the  heat  run  comiections  or  losses  in 
any  way. 

It  is  usually  considered  desirable,  however,  on  account  of 
safety,  to  cut  off  the  excitation  or  core  loss  supply  while  the  direct- 
current  instruments  are  being  read. 

The  middle  points  of  the  low-voltage  windings  shown  in  the 
figure  are  not  at  the  same  potential,  because  of  the  unbalancing 
due  to  thi  copper  loss  supply  voltage  which  is  in  series  with  them. 
This  makes  it  necessary  to  provide  an  auxiliary  or  equalizing  coil 
so  as  to  provide  an  artificial  middle  point.  This  equalizing  coil 
may  be  one  of  the  windings  of  a  similar  transformer.  The 
measured  resistance  is  that  of  the  two  halves  of  the  equalizing 
coil  connected  in  muUiple  with  the  two  halves  of  the  loaded  trans- 


former. The  actual  value  of  the  resistance  of  the  transformer 
may  be  calculated  after  the  resistance  of  the  equalizing  coil  alone 
has  been  measured. 

This  method  is  too  complicated  for  general  use,  but  is  desirable 
where  it  is  not  convenient  to  cut  off  the  load  for  resistance 
measurements  and  where  a  large  error  would  be  caused  by  cooling 
of  windings.  It  has  several  advantages  over  the  old  method, 
among  which  the  following  may  be  mentioned : 

1.  It  makes  it  possible  to  measure  resistance  as  often  as  de- 
sired without  lengthening  the  heat  run. 

2,  It  eliminates  drop  in  temperature  due  to  cutting  off  load 
while  measuring  resistance. 

Heat  Run  with  Idle  Unit 
Fig.  6  and  Table  II  give  a  record  of  a  heat  run  on  a  500-kv-a. 
oil-immersed  self-cooled  transformer;     temperatures  of  top  oil 
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of  idle  unit,  top  oil  of  heated  uoit  and  of  surrounding  air  being 
shown  each  hour  during  a  period  of  about  four  days.  The  com- 
parative rises  of  the  heated  unit  above  air  and  above  the  top  oil 
of  the  idle  unit  have  also  been  plotted.  Particular  attention  is 
called  to  the  wide  variation  in  room  temperature  as  compared  with 
the  top  oil  temperature  of  the  two  transformers.  Each  of  the 
three  cmves  shows  cycles  corresponding  to  24-hour  periods.  The 
oil  temperature  cycles  lag  several  hours  behind  the  air,  those  of 
the  idle  unit  being  practically  in  phase  with  those  of  the  hot  unit. 
The  cycles  of  rise  above  air  are  the  reverse  of  those  of  air  tem- 
perature and  have  about  the  same  range  of  temperature.  The 
rise  above  the  top  oil  of  idle  unit  also  showe,  faintly,  cycles  in 
phase  vrith  those  of  the  rise  above  air,  but  the  variations  in  the 
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value  of  this  rise  are  considerably  less  than  those  of  the  rise  above 
^-  The  fact  that  these  cycles  ar^  in  phase  with  the  rise  above 
'wm  indicates  that  the  idle  unit  does  not  entirely  compensate 
lor  variations  in  air  temperatures,  or,  in  other  words,  that  it  is 
lot  affected  to  as  great  an  extent  as  the  heated  unit  by  such 
variations.  This  may  be  true,  but  even  if  it  is,  the  test  shows 
that  the  idle  unit  gives  far  more  consistent  results  than  any  other 
'W'iod  so  far  suggested.  The  approximately  correct  tempera- 
ture nse  may  be  determined  by  calculating  the  rise  above  room 
**cii  hour  for  a  complete  cycle  of  24  hours  after  ultimate  rise  is 
cached,  and  averaging  the  result.  This  method,  although  too 
ipensive  for  general  use,  is  useful  in  some  cases  and  gives  some 
interesting  data  in  this  case. 
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TABLE  II 

NORMAL  LOAD  HBAT    RON   ON  500-KV-A.  SELP-COOLED    OIL   IMMBR8BD 
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TABLE  ll-^ontinued. 
NORMAL  LOAD  HEAT  RUN    ON   SOO-KV-A.    SELF-COOLED 

TRANSFORMER 


OIL-IMMERSED 


1 
1 

Top  oil  temperatures 

Permanently 

Day 

Hour 

Room 

Loaded 

screened  idle 

Alternately  screened 

temperature 

transformer 

transformer 

idle  transformer 

July  14 

9  a.m. 

deg.  cent. 

deg.  cent. 

deg.  cent. 

deg.  cent. 

25.0 

63  5 

25.9 

27.5 

10 

25.5 

64.0 

26.0 

27.6 

11 

27  0 

64.5 

26.3 

27.8 

12 

28.0 

64.4 

26.6 

28.1 

1  p.m. 

29.0 

65.3 

27.0 

28.4 

2 

29.0 

65  8 

27.2 

28.8 

3 

29.0 

66.2 

27.8 

29.3 

^ 

4 

29.0 

66.9 

28.0 

29.4 

5 

29.0 

67  4 

28.8 

30.0 

6 

28.0 

67  7 

28.5 

^.7 

7 

26.5 

67.9 

28.5 

29.7 

8 

26.0 

68  0 

28.5 

29.5 

9 

24.0 

67.8 

28.0 

29.0 

10 

22.5 

67  6 

27.8 

28.7 

11 

22.0 

67.4 

27.6 

28.3 

12 

21.0 

67.0 

27.0 

27.8 

Jul] 

r  15 

1  a.m. 

20.5 

66.7 

26.7 

27.5 

2 

19.0 

67.0 

26.0 

27.0 

3 

18.5 

66  2 

25.7 

26.8 

-    4 

18.5 

66.0 

25.5 

26.2 

!         '    ^ 

18.0 

65.5 

25.0 

26.0 

'          t 

6 

20.0 

64.8 

24.7 

25.5 

7 

21.4 

64.5 

24.8 

25.4 

8 

23.2 

64  5 

24.8 

25 . 8  Screen  removed 

9 

24.2 

64.5 

24.8 

26.0 

1 

10 

25.7 

64  5 

25  0 

26.4 

1          * 

11 

27.2 

64.7 

25.4 

27.0 

12 

27.7 

65.0 

26.1 

27.8 

■              1  p.m. 

29.1 

66.0 

26.8 

28.3 

2 

29.2 

66.3 

27.0 

29.0 

3 

30.0 

66.8 

27.7 

29.4 

4 

29  5 

66.9 

28.1 

29.8 

1 
! 

5 

29.3 

66.2 

28.3 

30.2 

The  following  table  shows  the  average  value  of  the  five  curves 
in  Fig.  6  for  two  periods  of  24  hours  each: 


Average  temperature  for  24-hour  periods: 

1st  day.  From  13th  at  2:00  P.M.  to  14th  at  1:00  P.M..  incl. 
2nd     ■         •       14th    -  2:00     "       ■  15th   "  1:00       "         ■ 

1st  day 


Average  air  temperature 24 .  45  deg.  cent. 

-       top  oil  of  idle  unit 27.35     *       * 

•  •     •     •hotonit 65.25     "       • 

•  riMaboveair 40.75    "       * 

•  ■        •    Idleunit 37.86    •       ■ 


2nd  day 


24.10  deg.  cent. 
26.60  •   ■ 
66.15  •   • 
42.0   •   • 
89.4   •   • 
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1st  day  2nd  day 

Max.  variation  of  air  from  average +4.45  to — 5.46  +4.9    to — 6.1 

•  idle  from  average +  1 .55  to  — -1.55  +1.9    to— 1.9 

■  •         •  hot  unit  from  average +1.45  to —2.05  +1.85  to — 1.75 

■  ■         ■  rise  above  idle  unit  from 

average +0.65  to — 0.95  +1.0    to — 1.0 

Rise  above  air  from  average +3.80  to — 4.45  +5.7    to — 5.2 

Assuming  that  the  average  rise  above  air  is  the  correct  value, 
which  is  probably  true,  it  is  evident  that  the  rise  above  top  oil 
of  idle  unit  is  in  this  case  between  two  and  three  degrees  too  low. 
This  shows  the  importance  of  asing  the  average  instead  of  the  top 
oil  as  the  base  temperature.  Later  tests,  one  of  which  is  plotted 
in  Fig.  1,  show  that  the  average  of  top  and  bottom  oil  for  a  period 
of  24  hours  is  the  same  as  the  average  air.  These  tests  also  show 
that  the  top  and  bottom  oil  follow  the  same  curve.  So  the 
rise  above  average  oil,  if  it  had  been  measured  and  plotted  in 
Fig.  6,  would  undoubtedly  follow  the  curve  of  rise  above  top  oil, 
except  that  all  values  would  be  from  two  to  three  degrees  higher. 

Method  of  Using  Idle  Unit 

The  idle  imit  should  be  subjected  to  exactl  y  the  same  cooling 
conditions  as  the  heated  unit.  Care  should  be  taken  to  place 
it  far  enough  away  so  as  to  prevent  its  temperature  being 
raised  due  to  the  heat  radiated  from  the  hot  unit.  This  distance 
depends  upon  the  size  of  the  unit  and  the  amount  of  heat  radia- 
ted. In  some  cases  it  is  desirable  to  place  a  heavy  screen  between 
the  two  units. 

^^^'  7,  plotted  from  Table  II,  shows  the  effect  of  screening 
upon  an  idle  unit  placed  about  90  cm.  away  from  the  heated 
500-kv-a.  transformer.  The  hot  and  the  idle  units  were  dupli- 
cates, each  being  placed  in  a  corrugated  sheet  steel  tank  of  oval 
shape  having  floor  space  of  145  by  89  cm.  and  a  height  of  245 
cm.  They  were  placed  with  the  long  sides  next  each  other. 
The  temperature  rise  of  the  oil  in  the  heated  unit  was  in  the  neigh- 
borhood of  40  deg.  above  the  idle  unit.  It  will  be  noted  that 
the  idle  unit  when  unscreened  shows  a  temperature  rise  of  top  oil 
approximately  1.5  deg.  higher  than  when  screened.  The  effect  of 
the  hot  unit  upon  the  idle  unit  can  be  calculated  roughly  as  follows : 

The  percentage  of  heat  radiated  by  the  hot  unit  in  a  corrugated 
tank  is  about  25  per  cent  of  the  total,  the  remainder  being  carried 
away  by  convection.  This  radiated  heat  is  given  off  in  straight 
lines  in  every  direction.  If  we  should  surround  the  hot  unit 
by  means  of  a  screen  90  cm.  dietant  at  all  points,  it  would  inter- 
cept all  of  the  radiant  heat.    The  idle  unit  does  intercept  a 
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certain  percentage  of  this  heat,  which  percentage  can  be  calculated 
by  finding  the  ratio  of  the  area  of  the  idle  unit  to  that  of  a  com- 
plete envelope  around  the  hot  unit.  In  the  case  of  the  500-kv-a. 
unit  shown  in  Fig.  7,  this  ratio  is  about  0.15.  This  means  that 
the  idle  imit  receives  15  per  cent  of  25  per  cent  of  the  total 
heat  dissipated  by  the  hot  unit,  or  3.75  per  cent.  The  tempera- 
ture rise  of  the  idle  unit  will  be  3.76  per  cent  of  that  of  the  hot 
unit,  which  amounts  to  about  1.4  deg.  in  this  case. 

This  test  is  also  of  interest  with  reference  to  the  spacing  of 
loaded  transformers  imder  test  or  in  operation.  If  two  loaded 
units,  instead  of  one  idle  and  one  loaded,  had  been  used,  it  is 
evident  that  since  the  two  would  be  at  the  same  temperature, 
neither  could  give  heat  to  the  other,  and  that  the  effective 
radiation  from  each  would  be  decreased  by  the  amount  of  heat 
given  to  the  unscreened  idle  unit  in  the  test.     This  would  result 


Pig.  7 — Effect  of  Screening  Idle  Unit 


in  a  higher  temperature  rise,  amounting  to  about   1.4  deg-  cent. 
•n  each  transformer. 

The  temperature  of  the  idle  unit  may  be  determined  in  several 
"ays.  If  the  variations  in  air  temperature  are  not  large,  or  if 
the  height  of  the  idle  unit  is  small,  the  top  oil  temperature  will 
"^  sufficiently  accurate.  However,  it  is  preferable  to  use  the 
average  of  top  and  bottom  oil  temperature,  the  bottom  oil 
**''iperature  being  measured  directly  when  possible.  If  this  is 
""*  possible  the  temperature  may  be  calculated  by  means  of 
"*  following  formula: 

Average  temperature  of  idle  unit  =  -^  ( ">r'  +  ■^<) 


when 


/(  is  the  top  oil  temperature 

Of  is  the  top  tank  temperature  at  oil  level 

Ot  is  the  bottom  tasl-  temperature. 
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The  cold  resistance  of  the  idle  unit  should  be  carefully  com- 
pared with  that  of  the  unit  to  be  heated  up,  especial  care  being 
taken  to  have  the  two  at  the  same  temperature  or  to  know  the 
exact  temperature  of  each.  This  comparison  may  be  made 
before  the  oil  is  placed  in  the  transformer,  and  it  is  best  to  make 
the  comparison  at  this  time  if  the  oil  temperattu^e  differs  greatly 
from  that  of  the  room,  because  considerable  time  will  be  lost  in 
determining  the  average  temperature  of  the  windings  in  each  unit 
after  they  are  filled  with  oil.  This  comparison  of  resistances 
shotdd  preferably  be  made  by  forcing  current  through  corres- 
ponding windings  connected  in  series  and  reading  the  drop  across 
each.  Several  readings  should  be  taken  in  order  to  make  sure 
that  the  exact  ratio  of  the  cold  resistances  has  been  determined. 

The  heat  run  may  be  started  as  soon  as  desired  after  the  above 
ratio  has  been  measured.  It  is  best  not  to  take  readings  of  resis- 
tance until  the  end  of  the  run,  since  the  load  must  be  taken 
off,  thus  causing  a  drop  in  temperature.  The  heat  run  should 
be  continued  until  the  rise  of  the  top  oil  of  the  heated  unit 
above  the  average  idle  unit  does  not  change  more  than  one  degree 
in  three  hours.  It  may  then  be  considered  that  the  whole  trans- 
former is  operating  at  a  constant  temperature  rise.  The  hot 
resistance  may  then  be  measured  and  the  heat  run  discontinued. 

The  hot  resistances  are  to  be  measured  in  the  same  way  as  the 
cold,  preferably  with  the  same  instruments  and  the  same  value 
of  current.  Since  the  resistance  of  the  idle  unit  represents 
the  true  effective  temperature  of  the  cooling  medium,  the  rise 
by  resistance  may  be  calculated  by  means  of  the  formula 

Temp,  rise  =  (^"^-^  -  1 )  (233.8  +  T,) 

where 

V\  =  initial  resistance  voltage  of  loaded  transformer 

F3=    final         «  "         «  loaded 

Ti  =  final  temperature  of  idle  transformer 
and  ^233.8  =  the  inferred  absolute  temperature  of  resistance. 

Although  the  voltmeter  and  ammeter  method  is  the  only  one 
referred  to  in  the  above  discussion,  it  is  to  be  noted  that  the  other 
methods  can  be  used  in  the  same  manner  with  good  results,  es- 
pecially where  the  galvanometer  is  so  constructed  as  to  give 
guick  readings.     A  potentiometer  may  be  substituted  for  the 
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voltmeter  when  a  low  voltage  is  to  be  measured.     The  bridge 
methods  are  well  adapted  for  this  use,  as  the  two  resistance  ratios 
can  be  measured  directly  by  connecting  the  idle  unit  as  the  known 
and  the  loaded  unit  as  the  unknown  resistance  in  the  bridge  cir- 
cuit. 

The  advantages  of  the  idle  unit  for  determination  of  rise  by 
resistance  are  not  restricted  to  the  oil-immersed  self-cooled 
type  of  transformer.  It  is  equally  good  for  other  types,  regardless 
of  the  method  of  cooling.  A  slight  modification  of  the  method 
is  required  in  the  case  of  water-cooled  oil-immersed  transformers 
if  it  is  desired  to  use  the  ingoing  water  temperature  as  the  base, 
tlia.t  is,  the  rise  should  be  calculated  as  specified  above  and  then 
the  difference  in  temperature  between  the  average  oil  of  the  idle 
unit  and  the  ingoing  water  should  be  added  to  the  calctdated  rise. 
As  stated  before,  we  know  that  the  ingoing  water  temperature 
is  not  the  effective  temperature  of  the  cooling  medium  unless  the 
air  and  water  are  at  the  same  temperature.  However,  we  have 
not  yet  obtained  sufficient  data  to  justify  recommending  any 
other  base.  No  modifications  are  required  for  air-blast  or  air- 
cooled  transformers,  as  the  temperature  of  the  windings  is  the 
effective  reference  temperature. 

Recommendations 

It  is  recommended  that  additions  to  the  Standardization 
Rules  be  made  as  follows: 

(1)  The  effective  room  or  base  temperature  for  an  oil-immersed 
^■'■^Jisformer  is  the  temperature  of  an  idle  unit  similar  to  and  pre- 
pared for  test  the  same  as  that  run  in  test,  and  its  temperature 
IS  the  average  of  the  top  and  bottom  oil,  the  bottom  oil  tempera- 
ture being  meastired  directly  by  a  thermometer  or  calculated  by 
ninltiplying  the  bottom  tank  temperature  by  the  ratio  of  the 
top  oil  to  the  top  tank  temperatiure. 

(2)  When  a  duplicate  transformer  is  available,  the  rise  by 
resistance  should  be  determined  by  first  comparing  the  resistance 
of  the  two  when  at  the  same  temperature,  subjecting  the  idle 
transformer  to  the  same  cooling  conditions  as  the  loaded  one 
until  hot  resistances  are  to  be  measured,  then  comparing  the 
^^tances  of  the  two  in  the  same  manner  as  before,  and  calctda- 
^"^  the  rise  from  these  final  readings,  correcting  for  any  differ- 
^ce  in  the  two  initial  resistances  by  multiplying  the  final  re- 
^*^^ce  of  the  idle  tmit  by  the  ratio  of  initial  resistance  of  the 
loaded  unit  to  the  idle  unit. 
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METHODS    OF     DETERMINING    TEMPERATURE    OF 

TRANSFORMERS 


BY  W.  M.  MCCONAHEY  AND  C.  FORTESCUE 


I.  Introduction 

Temperature,  in  most  electrical  apparatus,  plays  an  important 
part  in  the  question  of  satisfactory  operation.  It  affects  not  only 
the  working  efficiency  but  also  the  life  of  the  apparatus,  since  the 
fibrous  materials  of  which  the  greater  part  of  the  insulation  is 
composed  soon  deteriorate  under  high  temperatures.  There  is 
perhaps  no  other  factor  of  such  importance  to  satisfactory  opera- 
tion which  is  so  difficult  to  measure  accurately,  and  also  is  in- 
fluenced to  such  an  extent  by  external  conditions,  as  the  tempera- 
ture of  electrical  apparatus  under  load. 

This  paper  will  give  a  brief  discussion  of  conditions  that  affect 

the  operating  temperature  of  transformers  and  the  relative  merits 

of  different  methods  of  measuring  temperatures.     A  description 

^  be  given  of  the  various  methods  of  loading,  and  a  compari- 

^^  ^^  be  made  between  temperatures  obtained  by  a  new  method 

°^  loading  a  single  transformer  with  those  obtained  by  the  stand- 

^  Method  of  loading  which  requires  two  transformers. 

1 1.    Conditions    Affecting    the    Temperature   of 

Transformers 

^  ^ir-cooled  transformers  such  as  those  designed  to  operate  by 

^^U"^  ventilation  without  oil  the  temperature  is  directly  de- 

^^xit  upon  that  of  the  air  in  the  room.     Thermometers,  to 

^^^"M.re  correctly  the  air  temperature  in  a  room,  should  be  placed 

-       i^  the  open.    As  a  general  rule,  about  the  height  to  be  com- 

''^V^ly  read  will  be  right.    Small  apparatus  may  be  affected  in 

'^''srature  by  the  cool  stream  of  air  near  the  floor  of  the  room 

213 


214  McCONAHEY  AND  FORTESCUE:  [Feb.  26 

and  it  will  therefore  be  advisable  in  such  cases  to  have  ther- 
mometers placed  about  half  the  height  of  the  apparatus  from  the 
floor,  in  which  position  they  will  give  about  the  proper  tempera- 
ture of  the  air  that  comes  in  contact  with  the  transformers. 

Variation  in  room  temperature  has  but  little  effect  on  the  tem- 
perature rise  of  transformers  which  depend  on  direct  cooling  by 
air,  but  where  the  air  serves  to  cool  some  medium  of  high  specific 
heat  which  in  turn  serves  as  the  true  cooling  medium,  fluctuation 
in  the  air  temperature  will  produce  apparent  rises  in  temperattire 
that  are  far  from  correct.  The  best  of  care  should  be  taken  to  have 
the  temperature  of  the  air  in  the  room  in  which  such  apparatus 
is  tested,  as  uniform  as  possible.  It  has  been  suggested  that  a 
similar  transformer  to  that  on  test  be  placed  in  the  room  and  the 
temperattire  rise  of  the  transformer  on  test  be  based  on  the  tem- 
peratiu^  of  the  idle  transformer.  This  is  an  admirable  way  of 
overcoming  the  effect  of  fluctuation  in  air  temperature  and  will 
give  correct  results,  but  it  is  open  to  the  objection  that  an  addi- 
tional transformer  is  required. 

Air-cooled  and  oil-insulated  air-cooled  transformers  depend  for 
cooling  chiefly  on  convection  currents  of  air  and  it  is  important, 
therefore,  that  they  shall  have  a  free  circulation  of  air  from  every 
point  and  that  there  be  enough  head-room  to  carry  off  the  heated 
air. 

The  coils  and  iron  in  an  oil-insulated  transformer  depend  upon 
convection  of  the  oil  for  their  cooling.  Ventilating  ducts  must 
therefore  be  well  distributed  among  the  coils  in  such  a  way  that  as 
little  as  possible  of  the  winding  is  blanketed.  The  larger  the 
transformer  the  more  important  this  becomes.  The  rate  of  flow 
of  the  oil  will  depend  upon  the  area  of  the  ducts,  their  length, 
the  watts  per  unit  area  of  exposed  surface  and  the  viscosity  of  the 
oil.  An  excellent  test  to  determine  the  freedom  of  flow  of  the  oil 
is  to  measure  the  difference  of  temperature  between  the  bottom 
and  top  oil,  as  it  enters  and  leaves  a  duct.  In  oil-insulated  air- 
cooled  transformers,  however,  a  large  difference  between  top  and 
bottom  oil  does  not  necessarily  mean  constricted  ducts.  It  may 
be  due  to  poor  design  of  the  cooling  case,  whereby  the  air  convec- 
tion ciurents  meet  with  resistance,  and  this  in  turn  reacts  on  the 
flow  of  the  oil,  since  the  source  of  the  head  of  both  oil  and  air 
ciurents  is  the  difference  in  temperature  between  the  top  and 
bottom  of  the  coils  themselves. 

The  different  parts  of  the  apparatus  should  be  ventilated  ac- 
cording to  their  individual  requirements.    Certain  limitations  due 
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to  structure  prevent  full  advantage  being  taken  of  the  character- 
istics of  different  materials  in  a  transformer.  Thus,  iron  loss 
decreases  as  the  temperature  of  the  iron  is  increased,  but  it  is 
impossible  to  take  advantage  of  this  property  of  iron  to  any  great 
extent.  Moreover,  the  coils  are  so  intimately  associated  with  the 
magnetic  circuit  that  it  would  ordinarily  be  a  difficult  matter 
to  maintain  them  at  widely  differing  temperatures.  In  oil 
transfomiers  the  temperature  of  the  external  surface  of  any  part 
of  the  apparatus  must  necessarily  be  limited  to  a  temperature 
less  than  that  at  which  oil  becomes  injuriously  affected,  since 
there  is  always  a  film  of  oil  at  the  surface  which  is  held  there  by 
surface  tension  and  moves  only  very  sluggishly. 

III.   Tests  for  Efficiency  of  Cooling 

The  places  in  a  transformer  at  which  the  temperature  is  likely 
to  be  a  maximum  depend  largely  upon  the  type  and  construction. 
In  modem,  section-wound,  shell  and  core  type  transformers  the 
ventilation  should  be  so  carefully  designed  that  there  can  be  no 
hot  spots,  so  that  the  difference  between  the  maximiun  and  aver- 
age temperature  of  the  coils  will  practically  be  the  same  as  the 
difference  between  the  average  temperature  of  the  oil  and  that  of 
the  top  or  hot  oil.  Thus,  if  the  maximum  temperature  of  the  oil 
m  the  ducts  is  10  deg.  higher  than  its  average  temperature,  the 
n^imum  temperature  of  the  coils  will  also  be  about  10  deg. 
Wgher  than  their  average  temperature. 

In  order  to  obtain  a  proper  conception  of  the  efficiency  of  the 
ventilation  of  a  transformer  it  is  necessary  to  know  not  only  the 
^niperature  of  the  top  oil  but  also  that  of  the  oil  as  it  enters  the 
^ucts,  because  the  average  temperature  of  the  transformer 
^^ding  depends  upon  the  average  temperature  of  the  oil  and  the 
niaximum  temperature  of  the  winding  depends  upon  the  maxi- 
mum temj)erature  of  the  oil.  There  may  be  a  large  difference 
*^tween  the  maximum  and  average  values  and  it  is  quite  possible 
^0  have  a  transformer  which  seemingly  runs  cool  but  the  insula- 
tion of  which  will  in  time  deteriorate  on  account  of  the  high  maxi- 
ma temperature  of  the  winding.  In  wire- wound  coils  great  care 
f^  to  be  exercised  in  the  design  in  order  to  avoid  large  differences 
^  temperature  between  the  inner  and  outer  conductors.  There 
K  no  very  good  method  of  measurement  which  will  enable  one 
to  find  the  temperature  gradient  through  the  coil. 

The  loUowjn^  rule  may  be  used  to  estimate  its  approximatA 


216  McCONAHEY  AND  FORTESCUE:  [Feb.  26 

value  when  the  average  temperature  of  the  coils  and  oil  are 
known: 

^1      =  Estimated  value  of  temperature  gradient  through  ex- 
ternal insulation  of  coil. 

dt      =  Average  temperature  of  coil  above  average  oil. 

0       =  Temperature  gradient  through  coil. 

e       =  li  9,  -  i    9i 

Omax  =  Maximum  temperature  rise  of  oil  +  0, 
This  formula  assumes,  as  a  matter  of  course,  that  the  coils  are 
efficiently  ventilated. 

Thermometers  in  a  transformer  can  be  used  only  to  indicate 
temperatures  in  the  coils,  not  to  measure  them.  Their  useful- 
ness consists  in  their  ability  to  show  up  anything  abnormal, 
such  as  the  constriction  of  a  duct.  In  other  words,  if  a  ther- 
mometer indicates  a  vvdnding  temperature  differing  very  much 
from  that  of  the  hot  oil,  it  is  an  indication  that  there  is  something 
wrong  with  the  ventilation  at  that  point.  It  has  been  proposed 
that  thermocouples  be  used  to  determine  the  maximum  tempera- 
ture of  transformer  coils  imder  load.  It  is  impossible  to  tell  the  ex- 
act location  of  the  hottest  place  in  a  coil  and  it  would  therefore  be 
necessary,  if  such  a  method  were  adopted,  to  place  a  number  of 
couples  at  all  the  places  likely  to  have  a  high  temperature.  It  is 
very  difficult  to  see  how  such  a  scheme  could  be  used  without 
danger  both  to  the  operator  and  the  apparatus.  The  only  suit- 
able place  for  the  application  of  such  methods  is  in  the  laboratory 
where  proper  precautions  can  be  taken  and  where  the  work  is 
done  by  skilled  operators. 

The  average  temperature  can  be  obtained  by  the  resistance 
method.  The  work  of  measuring  the  resistances  of  the  windings 
of  an  oil  transfonner  should  be  done  as  quickly  as  possible  because 
the  coils,  on  account  of  their  small  specific  heat,  quickly  lose  their 
temperature  above  the  oil.  Probably  the  best  way  for  measur- 
ing high  resistances  is  by  means  of  the  Wheatstone  bridge,  while 
for  low  resistances  the  Kelvin  bridge  may  be  used.  Whatever 
method  is  used,  the  settings  of  the  instruments  should  be  adjusted 
for  the  approximate  values  so  that  the  time  required  for  the  final 
adjustment  may  be  reduced  to  a  minimum. 

The  authors  are  of  the  opinion  that  for  commercial  testing 
the  thermometer  and  resistance  methods  of  measuring  tempera- 
tures should  be  adhered  to,  as  by  their  means  and  with  the  exercise 
of  care  in  making  the  tests  the  efficiency  of  cooling  of  a  trans- 
former  may  easily  be  determined. 
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IV.  Methods  of  Loading  Transformers  for  Temperature 
Test 

Transformers  may  be  loaded  directly  on  resistance  racks  or 
any  other  means  for  dissipating  power;  or  two  or  more  of  them  in 
combination  may  be  artificially  loaded.  The  first  method  of 
loading,  on  account  of  the  expense  involved,  is  limited  to  small 
transformers  and  special  transformers  where  there  is  only  one  on 
order.  The  second  method  is  economical  in  application,  flexible 
in  operation  and  is  by  far  the  most  satisfactory. 

The  methods  hitherto  in  use  for  artificially  loading  transform- 
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Fio.  1— Loading  Scheme  f 
Two  Transforheks 

^•^  are  applicable  only  when  more  than  one  transformer  is  avail- 
^''1*-  They  are  all  modifications  of  one  scheme,  which  is  that 
used  for  loading  two  single-phase  transformers  and  is  commonly 
™CTredtoas  the  "  opposition  method,"  shown  in  Fig.  1.  Excita- 
tion voltage  may  be  supplied  from  the  same  circuit  as  the  load 
'^'""'^t  or  it  may  be  taken  from  an  independent  circuit  of  the 
P'^r  frequency  for  the  transformer.  Where  a  large  number  of 
Similar  transformers  are  to  be  loaded  at  the  same  time  their 
^''''lary  windings  may  be  connected  in  parallel  and  their  second- 
^ws  may  also  be  connected  in  parallel,  or  the  secondary  oi  one 
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transformer  in  a  group  may  be  paired  with  that  of  one  of  the 
opposition  group  independently  of  the  secondaries  of  the  other 
transformers  in  the  same  group.    (See  Fig.  2).    When  there  are 
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Fig.  3 — Scheme  for  Three-Phase  Loading 

three  single-phase  transformers  or  one  three-phase  transformer 
the  scheme  shown  in  Fig.  3  may  be  used.  The  essential  law  to  be 
observed  in  these  methods  when  applied  to  polyphase  loading 
is  that  the  sum  of  the  secondary  induced  electromotive  forces 


Fig.   4 — Scheme  for  Three-Phase  Balanced  Loading 


taken  around  the  circuit  shall  be  zero.  Six  single-phase  trans- 
formers or  two  three-phase  transformers  may  be  made  to  take  a 
balanced  load  from  a  three-phase  circuit  by  the  scheme  shown  in 
Fig.   4. 
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V.  Alternate  Open-Circuit  and  Short-Circuit  Method 

The  methods  of  loading  transformers  just  described  are  appli- 
cable only  when  there  are  two  or  more  transformers  to  be  tested. 
It  is  sometimes  necessary  to  test  a  single  transformer,  and  it  is 
generally  impossible  to  obtain  another  suitable  one  to  run  in 
opposition.  The  following  method  has  been  devised  to  meet 
this  condition. 

The  alternate  open-circuit  and  short-circuit  method  of  loading 
a  transfomier  is  effected  by  first  exciting  the  transformer  to  be 
tested  so  as  to  obtain  a  core  loss  equal  in  value  to  the  total  losses 
of  the  transformer  and  running  it  on  open  circuit  with  this  excita- 
tion for  a  fraction  of  a  period  /,  previously  decided  upon,  equal 
to  the  ratio  of  normal  iron  loss  to  total  loss.  Secondly,  the  trans- 
fonner  is  run  on  short  circuit  with  a  current  in  the  windings  of 
such  value  as  to  give  a  short-circuit  loss  equal  to  the  total  loss, 
for  the  remainder  of  the  period  /  which  is  a  fraction  of  the  total 
period  equal  to  the  ratio  of  normal  copper  loss  to  total  loss.  The 
cycle  is  repeated  until  steady  conditions  are  reached.  With 
Jfingth  of  period  not  too  great  this  method  will  give  results  closely 
approximating  those  obtained  by  the  other  methods. 

The  theoretical  proof  of  this  method  is  as  follows:  Assume 
that  the  copper  is  initially  at  the  same  temperature  as  the  oil , 
which  is  supposed  to  have  reached  its  final  value.  The  symbols 
*^^  in  this  discussion  and  their  definitions  are  as  follows: 

"^  *  Pinal  average  temperature  rise  of  copper  above  average 

temperature  of  oil. 
"i  =  Average   temperature  rise   of  copper    above  average 

temperature  ot  oil  at  end  of  first  cycle. 
^2  "^  Average   temperature   rise   of  copper   above    average 
temperature  of  oil  at  end  of  oixjn-circuit  run  in  second 
g  cycle. 

^  "*  Average  temperature  rise  of  copper  above  average 
^  temperature  of  oil  at  end  of  second  cycle. 

^«-i>  =  Average  temperature  rise  of  copper  above  average 
^  temperature  of  oil  at  end  of  nth  cycle. 

^  •  =*=    Average  temperature  rise  of  copper  above   oil   at  end 
of  open-circuit  part  of  (n  +  l)th  cycle. 
*^    Emissivity  of  coil  surface  exposed  to  oil,  in  watts  per 
^  sq.  in.  per  deg. 

j^  "^^^     Total  surface  of  coiJ  exposed  to  oil,  in  sq.  in. 
**^     Weight  of  copper,  in  lb. 
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X  =  Time  measured  from  start  of  run,  in  hours. 
/  =  Period  in  hotirs. 
Ec  =  Normal  copper  loss. 
El  =  Normal  iron  loss. 

da  =  Temperature  at  end  of  time  Xi  on  short-circuit. 

^6  =  Temperature  at  end  of  time  xa  on  open-circuit. 

The  value  of  the  average  rise  in  temperature  of  the  coils  above 
the  average  temperature  of  the  coil  is  given  by 


»•  -  A  '« 


With  a  copper  loss  E  and  measuring  the  time  x  from  the  in- 
stant at  which  the  average  temperature  of  the  oil  and  coils  are 
the  same,  the  temperature  rise  of  the  coils  above  the  oil  will  be 


ft         E  /  1         \ 

a  5A  S.75  a  Sc^f 


10      "^ 


At  the  end  of  time  Xi  we  shall  have 


(2) 


\   ^  8.75  Ee  X,      I 

\  A(\     W  ee        / 


^fl  =   -g"^  (    1 R7^R.  ..       ]  (3) 


10 


If  at  the  end  of  this  time  Xi  the  load  be  removed  and  the  trans- 
former run  on  open  circuit  the  copper  will  cool  and  its  temperature 
at  the  end  of  time  X2  will  be 


^^  8.75  Ee  xt  (4) 

10      ^'^     ' 


Considering  a  cycle  of  period  /,  the  length  of  the    short-circuit 
portion  of  the  period  is 


Ec-\-E, 
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The  tem])erature  rise  of  the  coils  above  the  average  oil  at  the 
end  of  this  time  will  then  be 


^^  ^    {Ec  +  Ej)ec/^_ 


Ec  I  8  75  E^t       I 


-       .  .  {Ec  +  Ef)  Oc      ,         n 

or,  designating  _   ■      -  by  &t  , 


Similarly, 


»..  »■ 


8.76  E/£ 


^.   =   «i     /    1   -       8.75  E.  r   )    + 

V     10  ""^  / 


\         10      "^'x     / 
8.75  (E»  +E^t 

10       "'•t"  " 


^*  8.76  fi/  / 

10       *^"*T 


^.=    e. 


A i_\ 

I  8.78  Ee<     I 

\         10     "^'^    / 

^T  I   1  8.76  Eel     )  ^T  (   1  1T75E7l) 

^       10     "^"*r     /  _\       10     '*'_''^^ 

•"  8.76  (Bf  +Be)t  "^  8.75X2  (B>  ^^  Er)  I 
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^T    (l 8.75  £e<    ) 

f(2»-l)         II    1  8.76_Ee£  /    '^  S. 76  (.Bf  +  Er)  I         "r 

\       in    »'  »T    / 


10   "^  *T    /  10 


+ 


0.   1- 

* 

8.76  £e<     J 

\ 

10    '^'^  ^ 

8.75  («- 

10 

^2ii  = 

0  (2  11-1) 
8.76  fi/l 

(6) 


10   "^'^ 


(6) 


The  expansion  for  d2»-iis  a  geometrical  progression  which  is 
convergent,  hence  we  have 


^T 


1   ^  8.75  £f  t      f 


^(2  00-1)= W 

1- 


8.75(£c+£/)< 

10        we^ 


^(2  00-1 


n        _        vjaoo-1 


10       "^'^ 


If  the  length  of  the  period  /  be  made  exceedingly  small, 


^2oo- 1  =  ^200  =^T — E   -C  E       ™  ^*  ^^^ 


Hence,  for  very  small  periods  the  final  value  is  the  same  as  that 
obtained  under  normal  load  conditions.     It  remains  to  be  seen 
Jiow  much  of  an  error  is  caused  by  the  length  of  the  period  / 
being  finite. 
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Let  us  apply  this  to  an  actual 

case  of  a  150-kv-a.  transformer 

In  this  transformer 

Ef  =  1390  watts 

Ec  =  1136  watts 

(Ef  +  Ec)  =  2526  watts 

Oc  =  17  deg. 

0r  =  37.8  deg. 

W  =  270  lb. 

/  =  i  hr. 

*  ^^^^^         0  596 

8.75  E// 

10     ^^''t     =3.945 

O    »»F   r»     . 

8.75  Ect 

we. 


=  0.486  10    ""^     =3.062 


B7t/p     ,     E.V,  8.75  (Ec+Bf)  I 

-^I'rt     ^^       =1082  10         ""-         =12.08 

«(2ao-i)  =  28.5  deg. 
0200  =  7.2  deg. 
The  average  of  these  two  is  17.85  deg.,  which  is  close  enough 
to  the  correct  value  0c  —  17  deg. 

For  a  period  /  =  J  hr. 
*(2*.i)  =  23.3  deg. 
fl2oD  =  11.74  deg. 
Average  =  17.52  deg. 
Oc  =  17.00  deg. 
Evidently  in  this  particular  case  there  is  very  little  to  be 
gained  in  accuracy  by  making  the  period  /  less  than  one-half 
hour.   In  transformers  which  have  high  copper  loss  as  compared 
^th  iron  loss  it  may  be  found  necessary  to  use  a  period  of  less 
than  one-half  hour. 

VI— Temperature  Tests  on  Transformers  by  the  Alter- 
nate Open-Circuit  and  Short-Circuit  Method 

Tests  were  made  on  a  150-kv-a.  60-cycle  oil-insulated  air- 
^^ooled  transformer  to  obtain  a  comparison  between  this  method 
^^^  the  standard  opposition  method.  The  results  of  the  various 
tests  made  indicate  a  good  check  between  the  two  methods.  The 
transformers  chosen  agreed  closely  in  characteristics,  but  in  order 
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to  eliminate  any  error  due  to  possible  differences  between  them, 
they  were  interchanged  in  the  second  run.  The  following  are 
the  principal  values  taken  from  the  test  results  for  the  purpose 
of  comparison.  The  thermometer  readings  were  taken  at  the 
.middle  of  the  short-circuit  part  of  the  cycle.  The  temperature 
rises  by  resistances  are  a  mean  between  those  obtained  at  the 
beginning  and  end  of  the  short-circuit  part  of  the  cycle. 

TEMPERATURE  RISES  AT  FULL  LOAD  AFTER  STEADY 

CONDITIONS  WERE  REACHED 

Alternate  short-circuit  and 
Opposition  method  open-circuit  method 

Temperature  rise  of  low-tension  coils  by 

thermometer 38 . 5  37 

Temperature  rise  of  high-tension  coils  by 

thermometer 33 . 5  35 

Temperature  rise  of  top  oil 31 . 5  32 

Temperature  rise  of  bottom  oil 10.5  11 

RISE  OF  TEMPERATURE  OF  WINDING  BY  RESISTANCE 

Alternate  short-circut  and 
Opposition  method  open-circuit  method 

High-tension 33.9  34.6 

Low-tension 40. 7  41 . 5 

These  results  are  seen  to  be  in  very  close  agreement.  The 
readings  obtained  on  a  second  run  with  the  two  transformers 
interchanged  are  as  follows: 

TEMPERATURE  RISES  AT  FULL   LOAD   AFTER  STEADY 

CONDITIONS  WERE  REACHED 

Alternate  open-circuit  and 
Opposition  method  short-circuit  method 

Temperature  rise  of  low-tension  coils  by 

thermometer 35  36 

Temperature  rise  of  high-tension  coils  by 

thermonleter 34  32 

Temperature  rise  of  top  oil 29  30 

Temperature  rise  of  bottom  oil 9  10 

TEMPERATURE  RISE  MEASURED   BY  INCREASE  OF  RESIS- 
TANCE. 

Alternate  open-circuit  and 
Opposition  method  short-circuit  method 

High-tension 33  34.4 

Low-tension 39  41 . 0 


19131  TEMPERATURE  OF  TRANSFORMERS  225 

All  the  results  cited  above  were  taken  with  a  30-minute  period. 
The  following  rises  by  resistance  were  taken  with  a  15-minute 
period. 

TEMPERATURE     RISE     MEASURED     BY     INCREASE     OF 

RESISTANCE. 

Alternate   open-circuit  and 
Opposition  method  short-circuit  method 

High-tension 33  33.3 

Low-tension 39  39. 6 

A  third  test  at  125  ])er  cent  load  was  made  on  the  same  trans- 
formers for  temperature  rises  by  the  resistance  method,  with  the 
following  results. 

TEMPERATURE  RISE  AT  125  PER  CENT  LOAD.  MEASURED  BY 

INCREASE  OF  RESISTANCE   METHOD 

Alternate  open-circuit  and 
Opposition  method  short-circuit  method 

High-tension 43  42.6 

Low-tension 53  53 . 3 

This  method  was  also  tried  on  a  2500-kv-a.  water-cooled 
transformer,  in  comparison  with  the  0])position  method,  the  same 
flow  of  water  being  used  in  each  case.  The  length  of  period  was 
15  minutes.    The  results  were: 

TEMPERATURE  RISE  ABOVE  COLD   WATER 

Alternate  open-circuit  and 
Opposition  method  short-circuit  method 

High-tension 41.1  41.1 

Low-tension 39.5  39.4 

The  tests  were  run  a  second  time  with  the  same  results. 

The  results  given  indicate  that  the  method  of  alternate  short- 
circuit  and  open-circuit,  as  carried  out,  gives  a  very  close  ap- 
proximation to  the  conditions  of  temijcrature  obtained  under 
load. 
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CORRECTION    OF   TRANSFORMER    TEMPERATURES 

FOR     VARIATION     IN     ROOM    TEMPERATURE, 

TAKING  INTO  ACCOUNT  BOTH  COPPER  AND 

IRON   LOSSES 


BY    C.    FORTESCUE 


I.    Introduction 

When  the  temperature  rise  of  a  coil  of  copper  wire  is  to  be 
measured  by  the  increase  of  resistance  method,  it  is  generally 
required  that  the  calculated  rise  above  actual  room  temperature 
be  corrected  to  give  the  rise  corresponding  to  a  standard  room 
temperature,  e.g.,  the  rise  which  would  have  resulted  if  the  room 
temperature  were  25  deg.  cent.  It  usually  happens  that  the 
temperature  of  the  room  differs  from  the  generally  accepted 
standard  of  25  deg.  For  this  reason  the  rise  in  temperature  is 
found  under  actual  conditions  of  the  test  and  then  a  correction 
is  made,  which  depends  upon  the  difference  between  the  actual 
room  temperature  and  the  standard  room  temperature. 

It  is  pro])osed  in  this  paper  to  derive  first  of  all  an  expression 
for  the  corrected  temperature  rise,  for  any  arbitrary  room  tem- 
perature, of  a  body  consisting  mainly  of  copper,  based  on  the 
assumption  that  the  heat  loss  takes  place  mostly  by  convection, 
and  that  in  comparison  the  amount  lost  by  radiation  is  negligible. 
Lastly,  an  expression  will  be  obtained  for  bodies  consisting  of 
both  iron  and  copper  immersed  in  a  fluid  medium  which  is  cooled 
by  air.  It  will  be  shown  that  with  both  iron  and  copper  losses 
taken  into  account,  the  difference  between  the  observed  tempera- 
ture rise  and  that  corrected  for  the  standard  room  temperature 
is  ver>'  small,  and  even  when  convection  alone  is  taken  into 
account  it  may  be  considered,  as  a  rule,  negligible. 

Within  the  ordinary  range  of  temperatures,  there  is  the  same 
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increase  in  the  resistance  of  a  copper  wire  for  each  degree  increase 
in  temperature.  The  change  in  resistance  caused  by  a  change 
of  one  deg.  cent.,  expressed  as  a  fraction  of  the  resistance  at  a 
definite  standard  temperature,  is  termed  the  temperature  coeffi- 
cient. The  increase  in  resistance  per  degree  is  0.00428  of  the 
resistance  at  a  temperature  of  zero  deg.  cent.  Hence  the  re- 
sistance at  any  other  temperature  may  be  found  by  multiplying 
the  number  of  degrees  above  zero  by  the  coefficient  and  adding  the 
result  to  the  resistance  at  zero.  The  increase  for  each  degree  is 
0.00386  of  the  resistance  at  25  deg.  cent.  Therefore,  the  resist- 
ance at  a  higher  temperature  may  be  found  by  multiplying 
the  niunber  of  degrees  increase  by  this  coefficient  and  adding 
the  result  to  the  resistance  at  25  deg.  These  statements  call 
attention  to  the  difference  between  two  coefficients  which  are  in 
common  use. 

From  the  above  definition  of  the  temperature  coefficient 
is  derived  the  following  well-known  rule  for  calculating  the 
temperatiu'e  rise  of  a  copper  conductor  above  its  initial  tempera- 
tiu'e  when  the  initial  and  final  resistances  are  given,  viz. : 


/2  -  /i  =     ^\  ^'     (233.6  +  /i)  (1) 


where  h  is  the  initial  or  room  temperature,  /2  the  final  tempera- 
ture and  Ri  and  R^  the  initial  and  final  resistances. 

II.    Corrected  Rise  of  Copper  Conductors 

The  simple  formula  given  below  for  determining  the  corrected 
rise  of  a  coil  carrying  a  current  of  constant  value,  is  in  its  general 
form  adapted  to  obtain  the  rise  corrected  for  any  arbitrary  room 
temperatiu'e,  when  values  of  the  initial  and  final  resistance  for 
any  other  room  temperature  are  given.  It  is  derived  on  the 
assumption  that  the  rise  in  temperature  above  that  of  the  sur- 
rounding air,  of  an  air-cooled  conductor  carrying  a  given  current, 
is  proportional  to  the  rate  of  dissipation  of  energy  at  the  final 
temperatiure.     The  formula  may  be  stated  as  follows: 

/6  -  /.  =     ^'^  ^'     (233.6  +  O  (2) 

where  /«  is  the  arbitrary  room  temi)erature  and  /&  the  temperature 
that  wotdd  be  reached  by  the  apparatus  if  run  in  a  room  having 
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this  temperature.  The  formula  applies  to  naturally  cooled 
apparatus  consisting  of  copper  conductors,  provided  that  the 
effect  of  radiation  can  be  considered  negligible,  but  with  proper 
modifications  may  also  be  used  for  artificially  cooled  bodies. 

A  simple  statement  of  the  formula,  applicable  to  every  room 
temperature,  may  be  made  as  follows:  If  a  number  of  similar 
coils  of  copper  wire  in  rooms,  kept  at  different  constant  tempera- 
tures, carry  equal  and  constant  currents  throughout  a  heat  run, 
and  the  temperature  of  each  body  and  that  of  the  room  in  which 
the  nin  is  made  is,  in  each  case,  the  same  at  the  start,  the  per- 
centage increase  in  resistance,  when  steady  temperatiu'es  are 
reached,  will  be  the  same  for  each  of  the  coils. 

When  the  observed  temperature  rise  under  any  condition  of 
room  temperature  is  given,  that  for  any  other  room  temperature 
may  be  found  by  the  formula 

/6-/a  =  (^«  -  ^i)  233!6T^  ^^^ 

Here  (/j  —  t\)  is  the  observed  rise  for  the  test  room  temperature 
^1.  and  {k  —  /a)  is  the  corrected  temperature  rise  based  on  a 
room  temperature  /«• 

Substituting  25  deg.  cent.,  the  A.  I.  E.  E.  standard  room  tem- 
perature, in  equation  (2),  the  following  simple  statement  of  the 
correction  formula  is  obtained: 

K  the  resistances  are  given, 

(temperature  rise  of  body  above  standard  room  temperature) 
=  (observed  percentage  increase  in  resistance)  X  2.586      (4) 

K  the  observed  temperatures  are  given , 
(temperature  rise  of  body  above  standard  room  temperature) 


-( 


258.6 \ 


233.6  +  observed  room  temperature  / 

X  (observed  rise)         (6) 

TTie  derivation  of  formulas  (2)  and  (3)  is  as  follows: 
*^rom  the  assumed  law  of  cooling,  the  following  relations  may 
be  derived: 

K{h  -  /.)  =  R2P  W 
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where  JRT  is  a  factor  depending  on  the  surface  of  the  body  and  its 
heat  conductivity,  /  is  the  current  in  the  conductor  and  Rh  is 
the  final  resistance  corresponding  to  the  temperattu^  h. 

From  the  definition  given  for  temperature  coefficient,  it  follows 
that 

R^         233.6  +  k 


R2         233.6  +  /2 


and  therefore,  by  (6)  and  (7), 


tt  -  tl 

233.6  -f  h 
233.6  +  /t 

233.6  +  k-  {k-  Q 

233.6  +  /2  -  (/2  -  tl) 


233.6  +  /, 


233.6  +  /, 


whence  is  derived  formula  (3) 


/6  -  <.  =  (/2  -  tl) 


233.6  +  tg 
233.6  +  tl 


Substituting  from  (1),  formula  (2)  is  obtained. 


(4  -  /a)  =  ^^-^---  (233.6  +  /.) 


To  illustrate  this  formula  by  an  example,  take  the  case  of  a 
body  composed  of  copper  wires  run  in  a  room  whose  temperature 
is  35  deg.  cent,  throughout  the  run;  the  observed  final  resist- 
ance when  a  steady  temperature  is  reached  is  20  per  cent  higher 
than  the  initial  resistance;  to  determine  its  temperature  rise  cor- 
rected for  a  room  temperature  of  25  deg.  cent. 

Here  the  temperature  rise  obtained  by  test  was  53.6  deg. 

Applying  formula  (4),  the  corrected  rise  is  found  to  be  20  X 
2.586  ^51,7  deg.  cent. 
The  above  formulas  have  been  derived  oiv  \*\v^  ^ssvitaption  that 
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the  rate  of  dissipation  of  heat  from  a  body  by  convection  is 
directly  proportional  to  the  difference  in  temperature  of  the  body 
and  the  air.  This  law  is  commonly  referred  to  as  **  Newton's 
law  of  cooling."  If  the  effect  of  radiation  is  negligible  and  there 
is  a  free  circulation  of  air,  and  its  temperature  is  not  raised  appre- 
ciably after  leaving  the  body,  this  law  holds  good.  For  bodies 
cooled  by  air  flowing  through  constricted  paths,  such  as  air- 
cooled  transformers,  the  average  temperature  of  the  coils  will 
depend  upon  the  average  temperature  of  the  air  in  the  ducts, 
and  the  difference  between  these  two  values  will  depend  upon 
the  rate  of  dissipation  of  heat ;  but  the  average  temperature  of 
the  air  in  the  ducts,  on  account  of  the  larger  flow  at  the  higher 
difference  of  temperature  between  coils  and  air  obtained  with 
higher  room  temperature,  will  not  be  proportional  to  the  rate 
of  dissipation  of  heat.  In  such  cases  the  correction  obtained  by 
formula  (3)  will  be  too  great. 

The  formulas  (2)  and  (3)  are  suitable  only  for  bodies  whose 
external  radiating  surface  is  very  small  compared  with  the  sur- 
face reached  by  convection  currents.  They  will  therefore  apply 
to  bodies  cooled  by  forced  convection.  If  the  body  is  to  be  cooled 
by  natural  air  circulation  and  has  a  smooth  external  blackened 
surface,  so  that  the  heat  lost  by  radiation  becomes  appreciable, 
the  formulas  will  give  corrections  very  much  too  high,  or  even, 

• 

in  some  cases,  indicate  a  positive  correction  where  it  should 
properly  be  negative. 

ni.   Corrected  Rise  Considering  both  Copper  and  Iron 

It  will  be  noted  that  the  formulas  which  have  been  developed 
for  obtaining  corrected  temperature  rise  by  the  increase  of  re- 
distance  method  apply  only  to  electrical  apparatus  composed 
wholly  of  copper  conductors,  or  where  the  copper  part  of  the 
apparatus  may  be  considered  separately  from  the  rest  on  account 
of  being  heat-insulated  from  it.     For  air-cooled  bodies  consist- 

• 

"^8  of  both  iron  and  copper,  as.  for  instance,  generators,  it  is 
very  difficult  to  obtain  a  correction  formula  for  room  tempera- 
ture; but  in  the  case  of  apparatus  in  which  both  copper  and  iron 
^^  cooled  by  a  common  medium,  such  as  oil,  it  is  possible  to 
obtain  an  approximate  expression  for  corrected  rise.  Considcr- 
"^E  the  case  of  oil-insulated  air-cooled  apparatus,  such  as  oil 
transformers,  let  ti  =  initial  room  temperature,  /2  =  final  tem- 
P^ture  of  the  copper,  /«  =  standard  room  temperature,  t.  = 
corrected   temperature.    Let   corresponding    values    of    R   be 
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designated  by  Ri,  Rt  and  /?»;  let  2?o  =  resistance  of  body  at  0 
deg.  cent.,  and  let  W  be  the  iron  loss.     Then,  approximately, 

K{tt-  ti)  =  PRt+W  (8) 

K(h-l.)  =  PR*+W  (9) 

h  -   tg  ^  P  Rh  +   W 

tt-  h       P  Ri-\-W 
P  2?o 


233.6 


(233.6  +  h)  +  W 


P  Rq 

233.6 


(233.6  +  li)  +  W 


PR 


0 


233.6 


[(233.6  +  h)  -  (/6  -  /.)!  +  W 


PR 


0 


233.6 


((233.6  +  /j)  -  ih  -  /,)]  +  W 


P  R 


0 


233.6 


(233.6  +  /,)  +  W 


^'  %  (233.6  +  /,)  +  H' 


233.6 


P  R    4-  W 

<»-/.  =  (/2  -  h)  \,  ^"  ;|;  ^y  (10) 


This  may  be  stated  in  the  following  words: 

In  air-cooled  electrical  apparatus  composed  of  copper  con- 
ductors and  iron,  immersed  in  a  common  medium,  in  wliich  the 
copper  carries  a  current  of  given  value  and  the  iron  is  subjected 
to  a  periodically  changing  induction  of  given  magnitude,  the 
temperature  rise,  when  steady  conditions  are  reached  for  any 
arbitrary  room  temperature,  may  be  obtained  from  tliat  cal- 
culated for  any  other  room  temperature,  by  multiplying  this 
observed  rise  by  the  ratio  of  the  total  losses  at  the  arbitrary 
and  the  given  room  temperature. 

The  observed  rise  at  the  room  temperature  of  the  test  may  be 
either  that  obtained  by  thermometer  or  by  the  increase  in  re- 
sistance  method,  using  formula  (1). 
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When  it  is  desirable  to  obtain  a  closer  approximation  than  that 
given  above,  the  following  procedure  may  be  followed. 

First,  obtain  the  average  temperature  rise  of  the  oil  or 
common  cooling  medium  above  the  test  room  temperatiu^e  and 
correct  to  standard  room  temperature  by  formula  (10).  Next 
obtain  the  average  rise  of  copper  above  the  average  temperature 
of  the  oil  under  test  conditions  and  correct  to  the  corrected  oil 
temperatiu^  by  equation  (3) ;  the  sum  of  these  two  will  give  the 
temperature  rise  of  the  copper  corrected  to  standard  room  tem- 
perature. 

Applying  the  formula  to  a  practical  example — An  oil-insulated 
air-cooled  transformer  has  copper  loss,  at  25  deg.  cent.,  1000 
watts,  iron  loss  1000  watts.  At  a  room  temperatiu-e  of  35  deg. 
cent,  the  oil  rose  to  an  average  of  25  deg.  above  the  air.  The 
average  tcm|xjraturc  of  the  copper  above  the  oil  was  15  deg.  cent. 
What  is  the  corrected  average  temperature  rise  of  the  copper 
at  a  room  temperature  of  25  deg.  cent.? 

Total  loss  at  25  deg.  cent.  =  2000  watts 

Total  loss  at  35  deg.  cent.  =  2038  watts 


V  R    +  W 
Corrected  rise  of  oil  =   ,,  p"    , — =^  {h  —  h) 

1    jfvi   -J-    W 


2^  X  25  =  24.5  deg.  cent. 


Corrected  average  rise  of  coils  above  average  temperature  of  oil 


,    .      ,,    233.6  +  corrected  oil  temp. 

=  observed  nse  X  Xoo  or    u  "    ~a     ~    ^ 

233.6  +  observed  room  temp. 


=  ^^  X  UrS*^  =  ^■*-^''  ^^^-  """*• 


Corrected  temp,  rise  of  coils  above  air  =  38.95  deg.  cent. 

The  observed  value  was  40  deg.  cent. 

Thus,  even  when  cooling  by  convection  of  air  only  is  taken  into 
account,  the  correction  is  so  small  as  to  be  negligible  in  most  cases. 
In  fact,  the  correction  is,  as  a  rule,  less  than  the  probable  errors 
is  observation. 
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It  has  been  assumed  in  the  deduction  of  formula  (10)  that  the 
average  temperature  rise  of  the  oil  is  proportional  to  the  total 
heat  dissipated.  This  would  be  true  only  if  the  rate  of  flow  of  the 
convection  currents  of  oil  were  constant.  As  a  matter  of  fact, 
the  oil  will  flow  faster  as  the  temperature  rise  of  the  coils  above 
the  oil  increases.  The  flow  will  also  be  inversely  proportional 
to  the  viscosity  of  the  oil,  which  decreases  as  its  tempcratiu^ 
increases.  The  correction,  therefore,  given  by  the  above  rule, 
is  always  too  great,  and  if,  in  addition,  the  heat  lost  by  radiation 
on  account  of  the  higher  coil  temperatures  reached  with  higher 
room  temperature  be  taken  into  account,  the  correction  will 
probably  be  reduced  to  zero,  and,  in  some  cases,  instead  of  a 
positive  correction  as  assumed  in  the  rules,  a  negative  correction 
may  be  necessary. 
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THE  TEMPERATURE  RISE  OF  STATIONARY  INDUC- 
TION   APPARATUS    AS    INFLUENCED    BY    THE 
EFFECTS  OF  TEMPERATURE,   BAROMETRIC 
PRESSURE  AND  HUMIDITY  OF  THE  COOL- 
ING MEDIUM 


BY  J.  J.  FRANK  AND  W.  O.  DWYER 


The  proper  correction  to  be  applied  to  the  temperature  rise 
of  apparatus  when  tested  or  operating  under  conditions  differing 
from  those  which  have  been  accepted  as  a  reference  standard 
has  been  investigated  and  discussed,  and  various  conclusions 
drawn. 

It  is  the  purpose  of  this  discussion  to  present  a  short  theoretical 
resume  of  the  considerations  that  enter  into  the  above,  together 
with  the  results  of  an  investigation  that  has  been  made  on  some 
transformers  imder  test  to  verify  the  conclusions  which  have  been 
reached. 

The  room  temperature  to  be  considered  as  a  reference  standard 
as  given  in  the  Standardization  Rules  of  the  A.  I.  E.  E.  is  25deg. 
cent.,  as  stated  in  section  268,  reading  as  follows: 

'*  Room  Temperature.  The  rise  of  temperature  should  be 
referred  to  the  standard  condition  of  a  room  temperature  of  25 
deg.  cent." 

The  barometric  pressure  to  be  considered  standard  as  given 
in  the  Standardization  Rules  of  the  A.  I.  E.  E.  is  760  mm.  (29.92 
in.)  as  stated  in  Section  270  and  271,  reading  as  follows: 

"  Barometric  Pressure.  Ventilation.  A  barometric  pressure 
of  760  mm.  and  normal  conditions  of  ventilation  should  be  con- 
sidered as  standard,  and  the  apparatus  imder  test  should  neither 
be    exposed    to    draft    nor   enclosed,    except  where  expressly 

235 


236  FRANK  AND  DWYER:    '  [Feb.  26 

specified.    The  barometric  pressure  needs  to  be  considered  only 
when  diflfering  greatly  from  760  mm. 

**  Barometric  Pressure  Correction.  When  the  barometric 
pressure  differs  greatly  from  the  standard  pressure  of  760  mm. 
of  mercury,  as  at  high  altitudes,  a  correction  should  be  applied. 
In  the  absence  of  more  nearly  accurate  data,  a  correction  of  one 
per  cent  of  the  observed  rise  in  temperature  for  each  10  mm. 
deviation  from  the  760  mm.  standard  is  recommended.  For 
example,  at  a  barometric  pressure  of  680  mm.  the  observed  rise 

of  temperature  is  to  be  reduced  by ttj —  =  8  per  cent." 

In  artificially  cooled  apparatus  no  mention  is  made  of  the 
proper  correction  to  be  applied  when  the  temperature  of  the 
cooling  mediiun  differs  from  the  temperature  of  the  enveloping 
air.  In  water-cooled  apparatus  no  instructions  are  given  for  a 
standard  reference  temperature  of  the  water.  In  apparatus 
cooled  by  air  blast,  no  instructions  are  given  in  case  the  supply 
of  air  is  taken  from  a  source  other  than  the  room  in  which  the 
apparatus  is  being  tested. 

No  correction  for  changes  in  humidity  is  given. 

General    Theory  of  Dissipation  of  Heat  from  a  Body 

The  rate  of  dissipation  of  heat  from  a  body  is  dependent  upon 

1.  Radiation 

2.  Convection 

3.  Conduction. 

The  transfer  and  final  dissipation  of  heat  is  accomplished  in 
several  stages,  each  of  which  involves  some  or  all  of  the  above 
factors,  i.e. J  radiation,  convection  and  conduction.  We  may 
roughly  group  the  steps,  in  stationary  induction  apparatus,  as 
follows: 

a.  From  the  core  or  from  the  conductor,  through  the  insula- 
tion, to  the  cooling  medium  in  contact  with  it. 

b.  Through  the  cooling  medium  to  the  case,  tank  or  cooling 
coils. 

c.  Through  the  casing  or  cooling  coils  to  the  medium  which 
finally  carries  away  the  heat. 

Classification  based  on  the  several  methods  of  cooling  divides 
stationary  induction  apparatus  into  five  groups  as  follows: 

(i)  Self-Cooled  Natural  Draft.  In  this  class  of  apparatus  the 
cooling  is  dependent  upon  (a)  only.    The  heat  is  carried  along 
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the  conductor  or  through  the  conductor  to  its  exposed  portion 
by  conduction,  through  the  insulation  by  the  same  process,  and 
dissipated  by  radiation  and  convection. 

(ii)  Self- Cooled  Oil-Insulated,  In  this  class  of  apparatus  steps 
(a),  (b)  and  (c)  are  involved.  The  transfer  of  heat  is  accom- 
plished in  this  case  by  conduction  through  the  insulation,  con- 
vection and  some  radiation  through  the  oil  and  convection  and 
radiation  from  the  tank. 

(iii)  Artificially  Cooled  by  Circulation  of  Oil.  In  this  class  of 
apparatus  steps  (a),  (b)  and  (c)  are  involved.  The  transfer  of 
heat  is  accomplished  by  conduction  through  the  insulation, 
convection  and  some  radiation  through  the  oil,  and  convection 
and  radiation  from  (a)  external  radiators  (b)  water-cooled  coils. 

(iv)  Artificially  Cooled  Water-Cooled  Apparatus,  In  this  class 
of  apparatus  the  transfer  of  heat  is  similar  to  that  in  (ii)  with 
the  modification  that  most  of  the  heat  is  carried  away  by  convec- 
tion by  water  circulated  in  cooling  coils. 

(v)  Artificially  Cooled  Air-Blast  Apparatus.  In  this  class 
of  apparatus  the  cooling  may  be  dependent  upon  (a)  only, 
where  the  air  blast  is  in  direct  contact  with  the  windings  and  core, 
or  the  cooling  may  be  dependent  on  (a),  (b)  and  (c),  in  such 
apparatus  in  which  the  blast  of  air  comes  in  contact  with  the 
outside  of  the  case  or  tank. 

Radiation 

The  quantity  of  heat  dissipated  by  radiation  may  be  expressed 
by  Stefan- Boltzman's  law  by 

Wk  =  X  (ri*  -  T2*)  (1) 

where  K  =  constant  depending  upon  the  diathermancy  or 
transmissive  power  of  the  medium,  upon  the  natiu^e  and  color  of 
the  surface  and  upon  the  size  of  the  enclosure  in  which  body  is 
dissipating  heat. 

Ti  =  absolute  temperature  of  the  apparatus. 

T2  =  absolute  temperature  of  surrounding  objects. 

Convection 

The  calculation  by  mathematical  considerations  of  the  amount 
of  energy  dissipated  by  convection  requires  the  use  of  one  or 
more  empirical  constants.  Much  work  along  this  line  has  been 
done  by  Prof.  Kennelly  and  Dr.  Langmuir,  the  results  of  the 
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latter*s  investigations  being  published  in  the  Physical  Review  and 
the  A.  I.  E.  E.  Transactions.* 

These  investigations  have  been  made  for  the  most  part  on  the 
dissipation  of  energy  from  fine  wires  at  high  temperatures  where 
the  amount  dissipated  by  radiation  is  very  small.  Dr.  Langmuir 
has  shown,  however,  that  in  the  dissipation  from  plane  surfaces 
where  the  radiation  factor  is  considerable  the  formulas  developed 
may  be  used  with  excellent  results. 

Dr.  Langmuir's  theory  is  that  the  dissipation  of  heat  by  con- 
vection occurs  by  conduction  through  a  film  of  adhering  gas,  the 
energy  being  conducted  through  this  film  by  molecular  diffusion 
to  the  moving  convection  ciurents  of  the  surroimding  gas  and 
so  carried  away.  Further,  the  results  of  his  experiments  show  that 
the  thickness  of  this  film  is  constant  (0.43  cm.)  (for  constant 
room  temperature  and  pressure)  and  that  the  dissipation  of  energy 
by  convection  is  almost  entirely  dependent  upon  the  thickness  of 
this  conducting  film. 

While  no  data  are  given  on  the  relative  values  of  dissipation 
by  convection  from  horizontal  and  vertical  plane  surfaces,  the 
experimental  values  as  obtained  from  wires  show  that  the  convec- 
tion is  somewhat  less  for  vertical  wires  than  for  horizontal. 

This  difference  will  be  more  pronounced  in  case  of  plane  s\ir- 
faces,  but  the  decreased  efficiency  will  be  more  than  compensated 
for  by  the  flue  or  chimney  action  where  the  convection  currents  are 
constrained  to  move  in  restricted  spaces  such  as  ducts,  corruga- 
tions, flues,  etc.  For  this  type  of  surface  the  effectiveness  of  dissi- 
pation by  convection  will  probably  be  greater  than  for  horizontal 
plane  surface,  provided  that  the  surface  docs  not  become  so  com- 
plicated that  friction  will  seriously  affect  the  convection  currents. 

Assuming  that  the  dissipation  of  heat  by  convection  takes 
place  by  conduction  through  a  film  of  adhering  gas,  Dr.  Lang- 
muir has  developed  a  formula  for  this,  of  the  form 

Wc  =  p        =  watts  dissipated  per  sq.  cm. 

where  B  =  thickness  of  adhering  film  and  <^  is  a  function  of 
T  of  the  form 

<^  =  1.93  X  10-»  (1  +  0.00012  T)  1^2/3  7^/2  -  248  T^^^ 


for  air. 


+  1243/2  tan-»  ^1^]       (2) 


Transactions,  A.  I.  E.  E.,  1912,  XXX1,Pjlt\.  \,  ^^^g  1229. 
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Conduction 

Conduction  consists  of  the  transfer  of  heat  from  one  part  of 
one  body  to  another  part  of  same  body  or  from  one  body  to  an- 
other without  any  bodily  transfer. 

The  amount  of  energy  transferred  by  conduction  is  propor- 
tional to  the  specific  heat  resistance,  to  the  density  of  the  heat 
flux  and  to  the  length  of  the  path,  i.e.y  the  rate  of  transmission 
of  heat  by  conduction  is  proportional  to  the  gradient  or  fall  of 
temperature  per  unit  length  of  path  along  the  lines  of  flux  flow. 


W4  =  -^-^ — TjlAl  (for  uniform  gradient)  (3) 


where  /  =  Time 
A  =  Area 
/  =  Length 
K  =  Conductivity 

Effects  of  Temperature  of  Cooling   Medium  on  Heat 

Dissipation 

Section  269  of  the  A.  I.  E.  E.  Standardization  Rules  covers  the 
correction  to  be  applied  to  the  temperature  rise  of  apparatus 
when  the  reference  temperature  varies  from  25  deg.  cent.  This 
rule  reads: 

"  If  the  room  temperature  during  test  differs  from  25  deg.  cent., 
correction  on  account  of  difference  in  resistance  should  be  made 
by  changing  the  observed  rise  of  temperature  by  one-half  per 
cent  for  each  degree  centigrade.*' 

The  correction  as  applied  means  an  increase  of  one-half  of  one 
per  cent  per  degree  in  the  observed  rise  when  room  is  below  25 
deg.  cent,  and  a  decrease  of  one-half  of  one  per  cent  if  the  room 
temperature  is  greater  than  25  deg.  cent.  The  reference  of  25 
deg.  cent,  refers  to  a  constant  room  temperature,  a  condition 
which  is  hard  to  maintain  in  practise.  No  provision  is  made  for 
applying  correction  when  room  temperature  is  varying,  or  for 
correction  for  artifidally  cooled  apparatus. 

a.  Influence  of  Room  Temperature  on  Radiation.  From  equa- 
tion (1)  the  quantity  of  heat  dissipated  by  radiation  from  a  hot 
body  at  temperature  Ti  to  surrounding  objects  at  temperature 
T%  is  given  by 
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It  is  apparent  from  the  nature  of  the  equation  that  W^  will 
increase  with  T2  for  a  constant  diflference  between  Ti  and  T2  or 
in  other  words,  for  a  given  rise  above  room  temperature,  more 
watts  will  be  dissipated  the  higher  the  room  temperature,  or  the 
dissipation  of  a  given  quantity  of  heat  by  radiation  will  be  accom- 
panied by  a  less  rise  above  room  temperature  the  higher  the  room 
temperature. 

Fig.  1  gives  values  of  Ti*  —  Ta*  for  constant  rises  above  differ- 
ent temperatures  of  surrounding  objects.  An  inspection  of  these 
curv^es  will  show  that  for  a  40-deg.  rise  atOdeg.  cent.,  Ti* —  7^2* 
is  400  X  10*,  while  for  the  same  rise  at  60  deg.  cent,  the  value  of 
Ti*  —  Ti^  is  720  X  10*,  an  increase  of  80  per  cent  in  the  effective- 


10  20  30  40 

degrees  centigrade 
Fig.  1 


ness  of  radiation.  Consequently  the  same  watts  dissipated  by 
radiation  for  a  40  deg.  rise  above  0  deg.  cent,  gives  only  a  24 
deg.  cent,  rise  at  60  dog.  cent. 

Fig.  2  gives  the  watts  loss  per  sq.  cm.  dissipated  by  radiation 
for  different  rises  above  various  room  temperatures,  assuming  K 
=  4.78  X  10""*^,  I.e.,  90  per  cent  value  of  a  perfect  black  body. 

b.  Influence  of  Room  Temperature  on  Convection.  The  amount 
of  energy  dissipated  by  convection  at  constant  room  temperature 
(30  deg.  cent.)  is  given  in  equation  (2) 


where  B  =  0.43  cm. 
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and 


4>  =  1.93  X  1.0-»  (1  +  0.00012  T)  [2/3  7^/2  -  248  P/^ 

+2  X  1243/2  tan 


In  Fig.  3»  0  has  been  plotted  against  temperature.  Now  it  has 
been  found  that  while  B  is^indcpendent  of  teini)erature  of  body 
Ti  it  varies  with  T^,  and  Dr.  Langmuir  has  found  for  free  convec- 
tion it  is  proportional  to  it,  i.e., 


B,^  B  X 


Tt 


where  B  =  0.43  at  30  deg.  cent. 


aoo5     0.010     0.015     o.a»     0.025     o.o38     o.o:«     aoio 

WATTS  DISSIPATED  PER  SQ.  CM.  BY  RADIATION 

(90  per  cent  black  body.) 
Fig.  2 

Fig.  4  gives  watts  dissipated  by  convection  for  rises  above 
various  room  temperatures.  Unlike  the  dissipation  by  radia- 
tion, the  energy  dissipated  by  convection  for  a  constant  rise 
decreases  with  increasing  room  temperature,  but  to  a  much  less 
extent,  being  almost  independent  of  temperature. 

In  case  of  oil-insulated  apparatus,  convection  also  comes  into 
play  in  the  transfer  of  heat  from  the  coils  or  core  to  the  surface 
of  the  enclosing  case  or  cooling  coils.  The  process  is  no  doubt 
similar  to  that  for  air,  consisting  in  a  transfer  of  heat  through  the 
adhering  film  of  oil  by  conduction,  and  then  by  convection  cur- 
rents to  the  case,  where  a  similar  transfer  takes  place.    Thft  fi\m 
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of  oil  IS  probably  subject  to  same  changes  due  to  velocity  and 
temperature  as  is  the  air  film.  Further,  with  increasing  tempera- 
ture the  viscosity  of  the  oil  will  change  considerably,  with  a 
corresponding  increase  in  velocity  of  convection  currents.  The 
net  result  of  a  higher  room  temperature  on  this  step  will  be  a 
more  uniform  distribution  of  temperature,  so  that  while  the  top 
oil  will  be  cooler  and  the  bottom  oil  hotter,  the  average  mean 
temperature  will  be  lowered.  This  is  shown  in  Fig.  6,  while  in 
Fig.  5  are  given  curves  showing  changes  in  viscosity  with  tempera- 
ture of  some  transformer  oils. 

In  connection  with  the  effect  of  oil  on  temperature  rise  of  ap- 
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paratus  it  should  also  be  noted  that  with  increasing  temperature 
the  volume  of  oil  and  the  wetted  surface  is  increased.  The 
linear  expansion  of  transil  oil  may  be  expressed  by 

Y  ^   =  Vo(l  +  0.000895  D 
When  F  T   =  Volume  at  temperature  T 
Fo  =  Volume  at  deg.  cent. 
T  =  Temperature  in  deg.  cent. 

c.     On  Conduction.     From  equation  (3)  we  had 


^^i^^Mi.:zIA  A I 
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The  transfer  is  inversely  proportional  to  the  resistance  to  the 
passage  of  heat. 

Copper  has  practically  no  temperattire  coefficient  for  conduc- 
tion, while  the  coefficient  for  iron  is  0.00075. 

Of  the  insulations,  the  conductivity  of  mica  is  unaffected  by 
changes  in  temperature,  while  fibrous  and  cellidous  materials 
such  as  are  frequently  used  for  turn  and  coil  insulation,  have  a 
very  considerable  temperature  coefficient,  the  thermal  resistance 
being  about  25  per  cent  less  at  100  deg.  cent,  than  at  0  deg.  cent. 

The  effect  of  room  temperature  on  conduction  will  in  any  case 
be  small,  but  will  always  tend  to  decrease  the  resistance  of  this 
step  with  increasing  temperature  of  room. 


0.006       0.010       0.015       0.080       0.08l>       0.090     0.035 
WATTS  PER  SQ.CM.  OISSIPAT&D  BY  CONVECTION. 

Fig.  4 


The  net  effects  of  changes  of  room  temperature  on  the  dissipa- 
tion of  heat  energy  from  stationary  induction  apparatus  are 

a.  Effective  radiation  is  greater  the  higher  the  room  tempera- 
ture. 

b.  The  dissipation  by  convection  in  air  is  practically  in- 
dependent of  room  temperature.  The  transfer  of  heat  by  the 
convection  currents  in  oil,  immersed  transformers  will,  however, 
be  somewhat  increased  with  higher  room  temperature. 

c.  Conduction  will  be  better  at  higher  room  temperature. 

Constant  Losses 

For  a  constant  loss  we  would  expect,  therefore,  that  apparatus 
woui^  operate  at  a  lower  temperature  rise  the  higher  the  tempera- 
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ture  of  the  surrounding  air.  The  actual  change  in  rise  will  of 
course  depend  upon  the  proportion  of  losses  dissipated  by 
radiation  and  convection.  In  the  case  of  dissipation  from  tank 
surfaces  this  proportion  varies  greatly  with  different  styles  of 
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tanks.     The  radiation  value  will  be  greatest  on  plain  tanks, 

decreasing  as  the  surface  becomes  more  complicated  by  ribs, 

corrugations,  flues,  pipes,  radiators,  etc.,  the  addition  of  which 

tends  only  to  increase  the  convection  component  if  the  external 

dimensions  remain  the  same. 
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In  order  to  apply  any  correction  to  the  emissive  constants  it 
is  necessary  to  segregate  the  values  for  radiation  and  convection 
and  apply  to  each  separately. 

Fig.  7  gives  watts  dissipated  by  various  styles  of  tanks  per 
square  inch  surface  at  0  deg.  cent,  and  60  deg.  cent.,  the  percent- 
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age  dissipation  by  radiation  varying  from  40  per  cent  to  16.6  per 
cent  at  25  deg.  cent. 

Fig.  8  gives  correction  for  temperature  for  constant  losses  for 
same  tanks,  to  reduce  to  a  standard  reference  of  25  deg.  ceut. 
room. 
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Increasing  Losses 

While  the  core  loss  is  practically  independent  of  the  tempera- 
tiire,  the  load  losses  (PR)  will  increase  with  the  temperattire,  due 
to  the  temperatiire  coefficient  of  copper.  This  difference  in  P  R 
amounts  to  0.0042  per  cent  for  each  degree  variation  and  allow- 
ance must  be  made  for  this  increase  in  losses  in  determining 
temperature  rise  at  high  room  temperatures,  together  with  the 
increased  effectiveness  of  the  emissive  constants. 

Fig.  9  gives  the  correction  for  room  temperature  for  various 
proportions  of  PR,  also  for  different  proportions  of  radiation  and 
convection. 
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Fig.  9 — Tank  Dissipation. 

Corrections  to  be  applied  in  reducing  observed  rises  to  room  temperature  of  25  deg. 
cent. — Increasing  losses  with  temperature. 


Increasing  losses  with  temperature. 

When  r2  >  25  deg.  cent,  subtract  correction. 
When  T)  <  25  deg.  cent,  add  correction. 
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Water-Cooled  Apparatus 

This  type  of  apparatus  depends  on  the  dissipation  of  heat  by 
two  factors,  either  of  which  may  vary  greatly  in  temperature. 
While  the  greater  part  of  the  heat  is  carried  away  by  convection 
by  cooling  water,  the  dissipation  from  the  tank  may  have  a  con- 
siderable influence  on  the  temperature  rise  of  such  apparatus,  as 
the  table  on  the  following  page  shows. 

It  is  possible  in  the  case  of  this  class  of  apparatus,  under 
certain  conditions  of  temperature  of  j"oom  and  ingoing  water,  to 
have  the  tank  absorbing  heat  from  the  air  w^hile  under  test  and 
contributing  to  a  higher  rise  of  tVve  appataXAvs. 
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The  surface  of  the  cooling  coils  will  usually  approximate  to 
that  of  the  tank  in  area,  but  effectiveness  of  the  cooling  water  is 
much  superior  to  the  air.  Following  is  a  table  of  rises  with  differ- 
ent temperatures  of  ingoing  water  and  air  temperatures : 


Surface 

Temperatures  deg. 

Watts 

Oil 

rises  above 

■    Loss 

watts 

cent. 

dissipated 

< 

Cooling 

In 

Cooling 

In 

1 

Tank 

coil 

water 

Air 

Idler 

Tank 

coil 

water 

Air 

Idler 

5000 

10000 

10000 

26 

25 

25 

900 

4100 

16« 

16« 

16« 

m 

m 

m 

25 

0 

8 

2700 

2300 

13« 

13« 

30« 

m 

m 

m 

0 

25 

17 

—400* 

5400 

18« 

— 7« 

1« 

m 

m 

u 

0 

50 

33 

—1800* 

6800 

20« 

— 30« 

-13« 

m 

m 

u 

50 

0 

18« 

4600 

400 

10« 

60* 

42* 

*Heat  absorbed  by  tank. 

The  radiating  surface  of  the  tank  is  greater  than  that  of  the 
cooling  coils  on  the  smaller  units  (up  to  say  1000  kw.),  while  on 
the  larger  sizes  it  is  much  less,  so  that  the  influence  of  room 
temperature  will  not  be  felt  so  much. 

Changing  from  one  temperature  to  another  of  ingoing  water 
will  introduce  very  little  difference  in  rise  (provided  the  air 
temperature  is  same  as  ingoing  water)  since  the  specific  heat  of 
water  increases  only  slightly  with  temperature  and  the  increased 
effectiveness  of  radiation  of  tank  with  temperature  may  be  neg- 
lected. 


Effect  of  Barometric    Changes  on  Dissipation  of  Heat 

a.  Radiation.  Since  changes  in  pressure  are  unaccompanied 
by  any  change  in  the  diathermancy  of  the  surrounding  medium 
the  heat  dissipated  by  radiation  will  be  unaffected  by  changes 
in  pressure. 

b.  Convection,  It  has  been  found  that  for  constant  room 
temperature,  the  energy  dissipated  by  convection  is  proportional 
to  B  (thickness  of  film). 

For  free  convection  Dr.  Langmuir's  experiments  show  that  the 
thickness  of  the  adhering  film  varies  with  the  0.75th  power  of 
the  pressure,  while  for  forced  convection  this  value  was  somewhat 
less.  Using  90  per  cent  radiation  value,  the  writers  fotmd  the 
value  for  free  convection  to  be  somewhat  less  than  this,  bemf^ 
about  the  0.64tb  power  (tree  convection). 
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Fig.  10  gives  watts  dissipated  by  convection  plotted  against 
pressure  for  a  40  dcg.  rise  at  25  deg.  cent,  using  constant  0.75. 

c.  Conduction.  This  will  be  unafTected  by  changes  in  pres- 
sure. 

The  net  result  of  a  change  in  pressure  of  surrounding  air  on 
dissipation  of  energy  from  a  heated  body  will  be  that  with  in- 
creased pressure  a  less  rise  will  be  experienced  with  constant 
losses. 

The  difference  in  rise  with  different  pressiu-es  will  of  course 
depend,  as  it  did  in  case  of  room  temperature,  on  the  proportion 
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of  the  emissive  constants.  Thus,  apparatus  having  smooth 
contours,  where  the  proportion  of  heat  dissipated  by  radiation 
is  a  maximum,  will  be  least  affected  by  changes  in  pressure,  while 
those  with  complicated  contours  will  have  a  large  correction  for 
pressure. 

The  correction  for  room  temperature  will  also  vary  with  pres- 
sure, increasing  with  decreasing  pressure.  It  is  not  possible  to 
apply  the  same  correction  factor  for  room  temperature  at  dif- 
ferent atmospheric  pressures. 

Air-Blast  Apparatus 

In  this  type  of  apparatus,  the  cooling  of  both  core  and  coils 
IS  accomplished  almost  entirely  by  cotivec\.\oiv,  XAxe  Vveat  being 
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carried  away  by  the  convection  currents  caused  by  the  blast. 

Very  little  heat  will  be  dissipated  by  radiation  from  the  windings, 

their  insulation  covering  being  at  best  a  poor  radiator,  while  the 

li'indings  are  generally  so  placed  that  what  heat  is  radiated  by 

one  surface  is  absorbed  by  the  next,  and  vice  versa. 

-Air-blast  apparatus  is  either  rated  for  operation  at  a  certain 
pressure  or  with  a  certain  volume  passing  through  the  coils 
minute. 

"Where  the  rating'  is  based  on  volume  of  air  it  is  evident  that 
t^M^  weight  of  air  per  cubic  foot  increases  with  the  atmospheric 
I>r-^^ssure.  decreases  with  the  temperature  and  is  practically  in- 
<J<^  X^:3endent  of  the  quantity  of  moisture  (except  where  fog-laden 
^^  ^^~  is  used).  Since  all  the  heat  must  be  carried  off  by  convection, 
It  :xs  evident  that  with  increasing  altitude  or  increasing  tempera- 
te^ ^^"^,  the  rise  will  increase  for  a  constant  volume  of  air  passing 
t'^^x^ough  the  ducts,  the  per  cent  increase  being  proportional  to 
y"^^^  temperature  and  inversely  proportional  to  the  pressure.  It 
*^  X^robable  that,  as  in  the  case  for  free  convection,  the  correction 
^^'^^  forced  convection  will  vary  more  nearly  as  the  0.75th  power 
^^'-•^^■ich  Dr.  Langmuir  found. 

"V^en  the  rating  is  based  on  air  pressure,  since  the  viscos- 
*^^'"  does  not  change  with  pressure,  the  same  volume  of  air 
^^'^  1 1  pass  through  for  the  same  difference  in  pressure,  and 
^^^'^^ Tection  will  be  the  same  as  (1).  The  viscosity  changes 
^'^'^^h  the  temperature,  however,  so  that  for  the  same  pressure 
^"^^^  volume  will  change  with  temperature  while  the  specific 
"^^'^^t  will  also  change  slightly  with  temperature.  It  should 
'^^'  expected,  therefore,  that  since  the  viscosity  varies  as  7"*  (ap- 
l-^'^^^^ximately)  and  the  weight  as  T^^  the  weight  per  second  would 
^'^-''^y  as  7^*    neglecting  change  in  specific  heat. 

I^ig.  1 1  gives  corrections  to  be  applied  to  the  observed  readings 
^*^^^  variations  in  atmospheric  pressure  (constant  temperature) 
^^^'^^     free  and  forced  convection. 

ig.  12  gives  correction  to  be  applied  to  observed  readings  for 
ation  in  atmospheric  temperature  (constant  losses)  for  forced 


V 


^^^^"^vection. 

Effect  of  Humidity  Changes  on  Heat  Dissipation 

-^^diaiion.  Since  water  vapor  is  not  perfectly  diathermous, 
^^^  Nation  from  a  heated  body  will  be  affected  by  its  presence  in 
tn^   atmosphere  surrounding  the  body. 

^^ile  there  is  practicaJiy  no  absorjjtion  in  dry  air,  the  presexvee 
oi   vi^ater  vapor  does  increase  the  absorption  somewhat. 
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Investigators  differ  greatly  in  their  estimates  of  the  absorp- 
tion of  water  vapor  and  its  effect  on  radiation.  While  the  heat 
absorbed  by  the  vapor  will  increase  the  temperature  of  the  air 
a  small  amount,  it  is  evident  that  the  effect  on  radiation  will  in 
any  case  be  small,  below  saturation. 

Convection,  The  presence  of  water  vapor  in  the  atmosphere 
will  affect  the  quantity  of  energy  dissipated  by  convection  in  so 
much  as  it  affects  the  conductivity  of  the  adhering  film.  We 
would  expect,  therefore,  since  the  specific  heat  of  water  vapor 
is  greater  than  dry  air,  that  the  conduction  of  the  film  B  would  be 
increased,  and  the  effectiveness  of  dissipation  by  convection 
increased. 

An  inspection  of  Table  III  shows  that  for  ordinary  tempera- 
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tures  and  barometric  pressures,  even  uj)  to  the  saturation  value, 
the  percentage  of  moisture  compared  to  air  (by  weight)  is  very 
small,  amounting  at  most  to  a  few  percent,  so  that  it  can  have 
very  little  effect  on  the  convection  value.  The  values  as  obtained 
by  experiments  seem  to  verify  this,  the  difference  in  rises  with 
varying  percentage  of  moisture  being  entirely  negligible. 

In  the  case  of  fog-laden  air  where  particles  of  water  are  actually 
present,  the  case  Ls  very  different,  and  a  very  considerable  correc- 
tion would  have  to  be  made. 


Experimental  Observations 

Tests  were  made  on  two  duplicate  standard  lighting  trans- 
formers  (bii-insuJated,  self -cooled) ,  with  losses  within  J  of   1 
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per  cent  of  each  other.  It  was  necessary  to  increase  the  losses 
above  normal  so  as  to  obtain  a  40-deg.  rise  by  oil.  This  increase 
in  losses  was  accomplished  by  holding  over-load  current,  but 
normal  excitation. 

Heat  tests  were  conducted  in  large  pressure  tanks,  one  trans- 
former being  placed  in  each  tank,  as  shown  in  Fig.  16.  The  trans- 
formers were  placed  on  wooden  tables  resting  on  the  bottoms  of 
the  tanks,  the  tops  of  the  tables  being  nearly  same  area  as  base 
of  transformer  cases.  Tanks  were  supplied  with  radiating  coils 
connected  to  a  steam  and  water  source.  An  insulating  asbestos 
shield  was  placed  over  the  cooling  coils  so  as  to  protect  the  trans- 
formers from  their  direct  radiation. 

Both  tanks  were  provided  with  chloride  driers  through  which 
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When  T^  >  25  deg.  cent,  add  correction. 
When  T]  <  25  deg.  cent,  subtract  correction. 


air  could  be  introduced  under  a  pressure.  In  addition,  vacuum 
connection  could  also  be  made. 

The  system  of  switching  was  so  arranged  that  when  the  heat 
run  was  interrupted  resistance  measurements  could  be  quickly 
taken. 

Temperatures  were  taken  by  means  of  generator  bulb  ther- 
mometers read  directlv  from  a  central  dial  while  run  was  on.  The 
thermometers  were  placed  as  in  Fig.  16,  check  thermometers 
being  used  at  the  more  important  places.  In  addition,  wet  and 
dry  bulb  check  readings  were  taken  by  spirit  thermometers. 

Very  little  heat  was  conducted  from  the  transformer  tank  to 
the  cover,  as  a  gasket  of  felt  packing  was  placed  between  them. 
The  temperature  of  the  cover  was  very  little  above  the  surround- 
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ing  air,  so  it  was  neglected  in  calculating  radiating  surface. 
Since  the  base  rested  on  a  wooden  table,  practically  no  heat  was 
conducted  from  it.  The  total  w^etted  surface  at  25  deg.  cent,  was 
6620  sq.  cm.  which  corresponds  to  a  radiating  surface  on  outside  of 
tank  of  7020  sq.  cm.  The  actual  effective  surface  due  to  conduc- 
tion to  unwetted  portion  will  be  greater  than  this,  and  in  this 
case  equal  to  8500  sq.  cm. 

Further,  the  temperature  of  the  case  was  different  at  different 
heights,  being  a  maximum  at  top  oil  level,  and  decreasing  toward 
top  and  bottom,  the  bottom  temperature  being  less,  the  less  the 
viscosity  of  the  oil.  To  reduce  to  effective  temperature  for  the 
whole  tank  it  would  be  necessary  to  integrate  from  top  to  bottom. 


TABLE  I 


Watts 

Press,  in 

loss 

mm. 

422 

236 

437 

235 

42.3 

475 

436 

477 

422 
435 
440 

420 
435 

413 
435 


740 
735 
734 

1245 
1244 

1780 
1778 


i 

Grains 

Temp.  (leg.  cent. 

t 
Rise  deg. 

P  — 0.378  £ 

H|0  per 

cent. 

in  mm. 

liter 

Air 

Top  oil 

top  oil      , 

1 
i 

216 

0.342 

27.5 

78.0 

60  5 

208 

0.703 

59.0 

99.2 

40.2 

470 

0.264 

30.0 

76.0 

46.0 

470 

2.11 

'       59.5 

98.0 

38.5 

737 

0   194 

24.5 

71.4 

41.9 

733 

0.362 

45.0 

86.3 

41.3 

731 

0.622 

61.0 

96.0 

35.0 

1233 

0.292 

26.0 

66  0 

40  0 

1231 

0.565 

61.0 

93.0 

32.0 

1772 

0.256 

1 

i       26.5 

63.0 

36.5 

1770 

1.44 

59.5 

1 

91.5 

32.0 

In  the  present  case,  we  have  taken  average  temperatures,  which 
will  probably  be  sufficiently  close. 

TiiST  Observations 

I.  Readings  taken  to  Determine  Effect  of  Temperature  of  Sur- 
rounding Air,  Corrections  made  in  pressure  readings  for  elastic 
vapor  pressure  E  of  the  water  vapor  present  according  to 

P  =  P,  ^  0.378  E 

P  =  Calculated  pressure  in  mm. 
/"j  =  Observed  "        "     « 

^  =  Elastic  vapor  pressure  in  mm. 
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Fig.  13  gives  curves  of  the  above  with  values  in  Table  I  (neg- 
lecting humidity), plotted  with  observed  values  and  also  corrected 
for  constant  losses.    As  would  be  exjDected  from  the  previous  dis- 
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cussion,  the  correction  is  greatest  where  the  convection  value  is 
least,  that  is,  at  low  pressures. 
II.     Efect  of  Pressure, 


TABLE  II  A 


Watts  loss 


Press 

in  mm. 


41*2 
423 
42.3 
420 
415 
410 
410 


236 

358 

475 

734 

1252 

1780 

2280 


P  — 0.378  £ 
in  mm. 


224 

355 

471 

732 

1245 

1774 

2273 


Grains 

HiO 

per  liter 


0  077 
0.099 
0.117 
0.176 
0.236 
0.256 
0.301 


Temp.  dcg.  cent. 


Air 


20  0 
29.5 
28.2 
30.0 
29.6 
26.5 
25.0 


TABLE  II  B 


Oil 


80.0 
78.0 
75.5 
71.8 
69.5 
63.0 
59.0 


Rise  deg, 

cent. 

top  oil 


51.0 
48.5 
47.3 
41.8 
40.0 
36.5 
34.0 


438 

236 

210 

0.705 

59.0 

99.2 

40.2 

437 

476 

470 

2.08 

59.5 

98.0 

38.6 

435 

731 

731 

0.622 

61.0 

96.0 

35.0 

433 

1248 

1237 

0.565 

61.0 

93.0 

32.0 

432 

1780 

1774 

/ 

1.44        1 

59.5 

91.5 

1       32.0 
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Fig.  14  gives  curves  plotting  temperature  rise  against  pressure 
for  30  and  60  deg.  cent,  room  temperature. 

Heat  tests  were  also  conducted  on  three  125-kw.  self-cooled, 
oil-insulated  transformers  assembled  in  simple  corrugated  tanks 
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at  Schenectady,  Pittsfield,  Grand  Junction,  Colo.,  and  Leadville, 
Colo.,  to  determine  what  effect  the  altitude  had  on  heating. 
Following  is  a  summary  of  the  tests  made. 


TABLE 

[I  C 

Place 

Watts  loss 

P  —  O.MSK 

Grains  HjO  per  liter 

Oil  rise  dog.  cent. 

Schenectady 

Pittsfield 

Grand  Junction.. 
Leadville 

4820 
4K2() 
3965 
4.'>70 

758 
732 
631 
518 

0  151 
0.116 
0.202 
0.197 

36.0 
.37.5 
32  5 
39.6 

Reduced  to  same  loss  the  rises  are  given  in  Fig.  15  and  Table 
II  D. 

TABLE  II   D 


Place 


/ 


Schenectady..  .  . 

Pittsfield 

Grand  Junction. 
Leadville 


Watt  loss 


4820 
4820 
4820 
4820 


P.   0.378  E 


758 
732 
631 
518 


Grs.  HjO  per  liter 


0.151 
0.116 
0.202 
0.197 


Oil  rise  deg.  cent. 


36.0 
37.5 
39.5 
44.0 
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III.  Effect  of  Humidity.  Htimidity  measurements  were 
taken  by  wet  and  dry  bulb  thermometers,  the  elastic  force  of  the 
vapor  being  calculated  according  to  formula. 

£  =  £i  -  0.00066P  (/  -  /i)     il  +  0.00115  {t  -  /i| 
where  E  =  Vapor  pressure  in  mm. 

£i  =      "  "        of  saturated  aqueous  vapor. 

P  =  Pressure  in  mm. 
/  =  Temperature  of  dry  bulb  (deg.  cent.) 
/i  =  "  "   wet    "      (deg.  cent.) 

Weight  of  one  liter  of  dry  air  at  0  deg.  cent,  was  taken  as  19.52 


fiO 

S40 


10 

111 

O 
Id 

o 


10    - 


J 

8 

— ■ 

-o4 

.  _ 

-  — 



000  700  800 

ABSOLUTE  PRESSURE  IN   MM. 

Fig.  15 

Altitudes. 

1 .  LeadviUe.  Colo 3190  m. 

2 .  Grand  Junction.  Colo 1525  m. 

.3 .    Pittafield.  Mass 346  m. 

4      Schenectady.  N.  Y.  75  m. 

Observed  rises  on  125-kw.  transformer,  reduced  to  constant  losses. 

grains.    Correction  for  vapor  pressure  was  applied  to  observed 
pressures  according  to  the  fonnula 

P  =  Pi  -  0.378  E 

where  Pi  =  Observed  pressure. 

E  =  Elastic  vapor  pressure 
P  =  Calculated  pressure. 

Weight  of  dry  air  in  one  liter  of  air  was  calculated  from 


^       P  -  0.378  E   ^  ,Q  -o 

^  29~92 ^  19.52 grains 
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Weight  in  grains  of  water  present  in  one  liter  of  air  was  ca] 
culated  from 


62.3X£    _P- 0.378  £ 


¥¥  I    ~ 

29.92-E  ^ 

P 

—  y\    v.x. 

jKfJii    gl 

aixio 

TABLE  III 

Grs.  dry 

Per  cent 

Temp 

Rise 

Watts 

Pres- 

P — 0.378  £ 

Grs.  H|0 

air  i>er 

moisture 

Temp 

top 

top 

sure 

per  liter 

liter 

by  wt. 

air. 

oU 

oil 

422 

236 

234 

0.078 

5.65 

1.3 

29.0 

80.0 

51 

• 

it 

232 

0.156 

5.62 

2.6 

27.5 

78.5 

51 

a 

m 

216 

0.342 

5.50 

6.2 

27.5 

78.0 

50.5 

422 

358 

353 

0.100 

9.70 

0.99 

29.5 

78.0 

48.5 

m 

m 

352 

0.123 

9.70 

1.31 

28  0 

76.5 

48.5 

422 

475 

471 

0.087 

12.15 

0.715 

27.0 

74.5 

47.5 

» 

477 

473 

0.117 

m 

0.965 

28.2 

75.5 

47.3 

m 

477 

473 

0.202 

12.10 

1.67 

27.0 

74.0 

47.0 

m 

476 

472 

0.204 

» 

2.19 

30.0 

76.5 

46.5 

420 

735 

733 

0.162 

19.0 

0.86 

30 

71.3 

41.3 

» 

736 

734 

0.176 

m 

0.93 

30 

71.8 

41.8 

418 

734 

733 

0.187 

m 

0.98 

28 

69.3 

41.3 

420 

734 

734 

0.190 

m 

1.01 

30.5 

71.8 

41.3 

a 

737 

736 

0.197 

m 

1.04 

29.5 

71.4 

41.9 

• 

735 

733 

0.265 

m 

1.40 

30.0 

72.0 

41.5 

417 

1233 

1231 

0.194 

32.1 

0.55 

27 

66.0 

39 

m 

1241 

1236 

0.236 

» 

0  U 

26 

66.0 

40 

418 

1238 

1235 

0.292 

m 

0.91 

29.5 

69.5 

40 

414 

1780 

1776 

0.256 

44.8 

0.57 

26  5 

63.0 

36.5 

413 

1778 

1774 

0.278 

a 

0.62 

24.0 

60.0 

36.0 

Conclusions 

Referring  to  Figs.  13  and  14  and  Table  III,  it  will  be  seen  tha 
the  temperature  rise  of  apparatus  varies  inversely  with  th< 
temperature,  inversely  with  the  pressure  and  is  i)ractically  inde 
pendent  of  the  water  vapor  over  the  ranges  covered  by  test.  Th< 
variations  due  to  changes  in  amount  of  water  va]jor  were  small 
and  the  results  almost  invariably  showed  the  same  rises  fo: 
different  quantities  of  water  vapor  present.  This  is  to  be  ex 
pected,  as  a  glance  at  Table  III  shows  that  even  at  saturation  anc 
moderate  temperatures,  the  percentage  of  moisture  is  very  smal 
and  can  have  little  effect  on  the  heat  dissipation  by  convectior 
or  on  the  dissipation  by  radiation  due  to  the  change  ir 
diathermancy.    With  fog-laden  air,  i.  e.,  where  ])articles  of  watei 
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are  held  in  suspension,  the  case  is  very  different,  the  water  now 
bong  a  much  greater  proportion  by  weight  of  the  mixture,  the 
^E^pation  by  convection  being  greatly  increased,  while  no  doubt 
the  dissipation  by  radiation  will  be  somewhat  diminished.  The 
eiact  correction  to  be  applied  in  any  case  will  of  course  depend 
upon  the  proportion  of  heat  dissipated  by  convection  and  radia- 
tion, which  in  turn  depends  upon  the  type  of  apparatus  and  means 
of  cooling. 

Recommendations 

It  is  evident  from  the  above  discussion  that  the  corrections 

to  be  applied  for  variations  in  atmospheric  conditions  are  not  the 

sune  for  different  types  of  stationary  induction  apparatus,  each 

type  requiring  special  consideration. 

Following  the  line  of  division  given  in  the  beginning  of  this 


Pfw.itis  recommended  that  the  following  corrections  be  made 
""^  precautions  taken: 

^~' Corrections  for  varuiiion  in  room  temperature. 
to  Air-cooled   natural   draft— no   correction. 

(")  Self-cooled  oil-insulated — no  correction. 

(iii)  Forced  oil  circulation — no  correction. 

(■v)  Water-cooled  apparatus — no  correction,  but  precaution 
sboiald  be  taken  to  have  the  ingoing  water  at  as  nearly  as  pos- 
™«  the  same  temperature  as  the  room,  which  should  be  as 
^'^*^  25  deg.  cent,  as  possible. 

"uile  in  (i),  (ii)  and  (iii)  there  will  be  a  correction  for  varia- 
**™  in  room  temperature  from  standard,  this  correction  will 
™l*twi  entirely  upon  the  relative  effectiveness  of  the  emissive 
•^c^,  and  in  order  to  apply  any  such  correction  accurately  \l 
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would  be  necessary  to  divide  such  apparatus  into  a  large  number 
of  groups.  It  is  safe  to  assume  that  the  increased  losses  will 
be  about  compensated  for  by  the  increased  effectiveness  of  dis- 
sipation and  make  no  corrections  whatever. 

Of  course,  wherever  possible,  the  apparatus  should  be  tested 
under  the  same  conditions  as  it  is  to  operate  under,  or  under  con- 
ditions as  nearly  as  possible  approaching  these. 

(v)  Air-blast  apparatus.  A  correction  of  \  of  one  per  cent  per 
degree  variation  from  25  deg.  cent.,  the  correction  to  be  added  to 
the  observed;  use  when  the  reference  temperature  is  below  25 
deg.  cent.  (This  correction  is  based  on  ratio  of  core  loss  to  copper 
loss  of  1:1  and  on  all  the  heat  being  dissipated  by  convection). 

The  reference  tc  mperature  in  this  class  of  apparatus  to  be 
temperatxu'e  of  ingoing  air  where  this  differs  from  temperature 
of  room  in  which  apparatus  is  operating. 

II — Correction  for  Variation  in  Atmospheric  Pressure. 
(i)  Air-cooled,  one  per  cent  correction  for  every    10  mm. 
variation  from  760  mm.    (This  was  obtained  by  assuming  curve 

II,  Fig.  11,  as  a  straight  line  between  400  mm.  and  1000  mm.), 
(ii)  Same  as  (i). 

(iii)  (a)  External  air-cooled  radiators — same  as  (i).    (b)  Water- 
cooling  coils.     No  correction, 
(iv)  Water-cooled  oil-insulated.     No  correction, 
(v)  Air-blast  apparatus.    A  correction  of  2  per  cent  for  every 
10  mm.  variation  from  670  mm.    (This  was  calculated  from  curve 

III,  Fig.  11,  assuming  it  to  he  a  straight  line  between  400  mm.  and 
1000  mm.). 

Ill-    Correction  for  humidity  variations  in  atmosphere. 

(a)  At  and  below  saturation  at  ordinary  room  temperatures, 
no  correction  need  be  made  for  moisture. 

(b)  When  fog-laden  air  is  used  the  apparatus  should  be  given 
a  special  rating,  the  specifications  covering  temperature  rise 
when  operating  under  such  conditions. 
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EFFECT  OF  ROOM  TEMPERATURE  ON 
TEMPERATURE  RISE  OF  MOTORS  AND 

GENERATORS 


BY  MAXWELL  W.  DAY  AND  R.  A.  BEEKMAN 


Results  of  commercial  tests  on  electric  motors  for  the  last 
few  years,  have  given  rise  to  a  feeling  of  doubt  concerning  the 
correctness  of  the  A.  I.  E.  E.  rule  for  correcting  temperature 
rises  for  variations  of  room  temperature  from  the  standard  of 
25deg. 

In  one  particular  case  some  motors  were  tested  in  the  summer 
and  easily  met  the  specified  heating  limits,  but  when  the  cus- 
tomer installed  them  in  the  following  winter,  and  tested  them, 
some  of  the  heating  limits  were  exceeded,  while  on  retesting 
them  in  the  following  summer  the  machines  again  easily  met  the 
specifications. 

Arrangements  were  made,  therefore,  during  the  following 
^^ter,  to  test  an  enclosed  motor  in  a  room,  the  temperature  of 
which  could  be  controlled,  and  this  motor  was  run  for  one  hour, 
^ci  also  continuously  at  the  following  room  temperatures: 
slightly  below  zero,  25  deg.,  and  30  deg.  The  results  are 
given  in  Figs.  1  and  2,  and  show  that  the  temperature  rises  in 
the  cold  room  were,  in  most  cases,  more  than  those  in  the  hot 
^"^^om.  These  figures  show  values  of  the  rise  on  the  different 
parts  of  the  machine,  with  the  ones  obtained  at  the  same  room 
t^perature  joined  by  straight  lines.  Thus  the  slope  of  the 
lines  is  indicative  only  of  the  relative  rises  of  the  different 
parts  under  the  same  conditions,  while  the  positions  of  the  lines 
^  the  temperature  scale  show  the  relative  rises  under  the 
different  conditions,  which  is  the  object  of  our  investigatiotv. 

These  results  seem  to  be  reasonable,  in  view  of  the  Stefan  and 
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Boltzmann  law  that  the  radiation  of  heat  is  proportional  to  the 
fourth  power  of  the  absolute  temperature.  This  law  seems  to 
have  been  ignored  in  many  cases,  but  was  discussed  by  Dr. 
Goldschmidt  in  his  paper  "Die  Grundgesetze  der  Erwaermung 
elektrischer  Maschinen",  published  in  Elektrolecknische  Zeit- 
schrift,   of  Sept.  10  and  17,  1908. 

This  same  subject  is  treated  further  by  Dr.  Ludwig  Binder  in 
"Ueber  Waermeuebergang  auf  ruhige  oder  bewegte  Luft",  pub- 
lished in  1911,  in  which  he  shows  that  the  radiation  of  heat 
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increases  1.2  per  cent  for  each  degree  of  room  temperature  above 
ice  zero,  and  0.62  per  cent  for  each  degree  of  difference  of  tem- 
perature between  motor  and  room.  The  radiation  per  degree 
difference  between  the  motor  and  the  room  is  1.85  times  as 
much  with  a  room  temperature  of  20  deg,  and  a  motor  tem- 
perature of  100  deg.,  as  if  the  room  were  0  deg.  and  the  motor 
one  deg. 

However,  only  a  portion  of  the  heat  is  carried  away  by  radia- 
tion, a^  natural  convection  and  forced  ventilation  must  also  be 
considered. 
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Considering  the  fact  that  a  few  tests,  aheady  made,  indicated 
the  incorrectness  of  the  A.  I.  E.  E.  correction  rule,  which  tests 
were  confirmed  by  the  papers  mentioned,  it  was  thought  desirable 
to  make  some  careful  tests  under  conditions  in  which  the  room 
temperature  could  be  controlled  through  a  considerable  range, 
and  also  to  consider  results  already  obtained  on  a  large  ntmiber 
of  commercial  tests,  which  might  be  comparatively  inaccurate 
individually,  but  it  was  thought  that  with  a  suflficient  number  a 
definite  tendency  could  be  discovered. 

It  was  not  thought  desirable,  in  the  time  available,  to  make  a 
thoroughly  scientific  investigation  to  determine  a  new  rule 
for  temperatiu^  correction  nor  to  determine  the  physical 
causes  for  these  differences,  but  it  was  thought  that  some  defi- 
nite data  could  be  obtained,  which  would  be  of  interest  in  deter- 
mining whether  the  present  correction  rule  should  be  followed 
in  the  future,  leaving  for  the  future  the  scientific  determination 
of  a  revised  rule. 

No  attempt  has  been  made  in  the  following,  to  determine  the 
effect  of  barometric  pressure  nor  of  humidity,  although  readings 
were  taken  during  the  special  tests,  but  it  is  understood  that 
moisture  in  the  air  in  the  form  of  vapor  has  but  little  effect  on 
the  temperature  rises,  although  moisture  in  suspension,  which 
is  not  evaporated  before  coming  in  contact  with  the  machine, 
considerably  reduces  the  temperature  rise  by  absorbing  heat 
from  the  machine  through  evaporation. 

In  the  following  we  will  first  describe  the  special  tests  made  in 
the  enclosed  room  to  determine  the  effect  of  room  temperature, 
and  later  will  give  an  analysis  of  a  number  of  commercial  tests 
made  during  the  last  few  years. 

Description  of  Special  Tests 

The  special  tests  were  run  on  two  different  types  of  direct- 
current  motors.  In  each  case  the  machine  was  a  shunt  motor 
with  commutating  field.  The  first  set  of  tests  was  run  on  a  motor 
^ted  at  7J4  h.p.,  825  rev.  per  min.,  with  a  normal  current 
rating  of  28.6  amperes.  In  the  second  set  the  motor  was  rated 
^20 h.p.,  700  rev.  per  min.,  with  a  normal  current  rating  of  75 
amperes. 

In  each  case  the  normal  voltage,  230,  was  held  on  the  motor 
annature  and  commutating  field  in  series,  and  also  across  the 
*tant  field.  The  input  into  the  motor  was  held  constant  at 
two  values  for  each  machine,  viz.:  28.5  and  14.25  amperes  lot 
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the  first  set  of  tests,  while  76  and  37.6  amperes  were  the  values 
for  the  second  set.  The  conditions  under  which  these  two 
values  were  held  will  be  given  later. 

The  tests  were  run  in  a  room  approximately  16  by  14  ft. 
(4.9  by  4.3  m.) .  (See  Fig.  3) .  Within  this  room  is  located  an  oven 
generally  used  for  baking  coils,  the  size  of  which  is  approxi- 
mately 11  by  7  ft.  (3.4  by  2.1  m.).  In  this  oven  are  iron  pipes, 
through  which  steam  is  ordinarily  passed  to  gain  high  tempera- 
ture. These  coils  were  used  in  these  tests  for  both  heating  and 
cooling  purposes.  In  heating,  steam  was  passed  through  them; 
in  cooling,  city  water,  at  a  temperature  of  approximately  13 
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Fig.  3. — Sketch  of  Test  Room. 

Brick  walls — corrugated  sheet  iron  ceiling — height  of  room  8  ft. 


deg.,  was  used  to  keep  the  room  temperature  as  low  as  possible. 
Air  was  kept  moving  past  these  coils  by  the  use  of  three  ordinary 
desk  fans. 

This  oven  has  a  sliding  door  about  4  by  6  ft.  (1.2  by  1.8  m.) 
and  in  the  case  of  the  hot  room  test  the  temperature  of  the  room 
proper  was  maintained  very  close  to  45  deg.  by  means  of  regu- 
lating the  opening  of  this  oven  door.  Between  the  motor  imder 
test  and  the  oven  door  a  wooden  baffler  was  placed,  in  order  to 
prevent  any  direct  currents  of  air  from  the  oven  playing  upon 
the  motor. 

Access  to  the  room  is  obtained  by  means  of  a  second  sliding 
door  of  the  same  size  as  that  oi  the  ovetv.    This  door  was  kept 
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dosed  throughout  the  test,  except  when  it  was  necessary  for 
the  men  to  pass  in  and  out.  In  order  to  prevent  this  passing  in 
and  out  from  affecting  the  temperature  of  the  room  a  blanket 
was  hung  in  front  of  the  door,  and  so  arranged  that  the  open- 
ings were  "staggered".  The  room  contains  one  large  window, 
approximately  10  by  4  ft.  (3  by  1.2  m.),  reaching  from  the 
ceiling  to  within  4  ft.  (1.2  m.)  of  the  floor;  this  window  is  of 
ground  glass  and  was  kept  closed  throughout  the  tests. 

The  apparatus  used  in  testing,  located  in  the  room,  consisted 
of  the  motor  under  test  belted  to  a  generator  for  load,  starting 
box,  circuit  breakers,  and  of  course,  thermometers.  The 
rheostats  and  instruments  were  placed  outside  of  the  room,  so 
that  no  heat  was  developed  in  the  room,  except  the  losses  of  the 
motor  and  generator.  There  are  some  stationary  objects  located 
in  the  room,  consisting  chiefly  of  wood. 

Due  to  the  fact  that  no  convenient  place  could  be  obtained 
for  conducting  these  tests  near  a  suitable  direct-current  generator, 
from  which  constant  voltage  could  be  obtained,  it  was  necessary 
to  run  the  test  motor  from  the  260- volt  shop  circuit.  It  was 
found  by  a  preliminary  record  of  a  recording  voltmeter,  that 
this  voltage  varied  at  times,  by  an  amount  as  great  as  20  volts. 
It  was  therefore  necessary  to  take  steps  to  maintain  constant 
voltage  on  the  motor.  This  was  done  by  placing  a  rheostat  in 
series  with  the  motor  and  the  supply.  This  rheostat  was,  as 
stated  above,  placed  outside  of  the  room  and  was  of  the  type 
which  is  controlled  remotely  by  solenoids.  The  control  for  this 
rheostat  was  placed  directly  on  the  testing  table  by  the  volt- 
meter indicating  the  motor  voltage,  and  for  part  of  the  tests  a 
man  was  kept  constantly  varying  this  in  order  to  hold  the  rated 
(230)  volts  on  the  motor.  For  the  remainder  of  the  tests,  how- 
ever, a  contact-making  voltmeter  was  used  to  control  the 
solenoids  on  the  rheostat,  and  thus  maintain  constant  voltage. 
Besides  the  original  indicating  voltmeter  record,  a  recording 
voltmeter  record  of  the  motor  voltage  was  obtained  during 
those  tests  in  which  manual  control  was  used.  This  com- 
pelled constant  attention  on  the  part  of  the  test  men,  and  hence 

• 

ensured  more  accurate  results. 

As  stated  previously,  in  the  case  of  the  hot  room  tests  the  room 
^perature  was  maintained  very  nearly  constant  at  45  deg., 
'^t  in  the  case  of  the  cold  room  test  our  object  in  each  case, 
^as  to  have  as  cold  a  room  temperature  as  possible  after  the 
^peratures  had  become  constant;  i.e.,  when  the  heat  run  was 
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ready  to  be  taken  off.  Hence,  while  in  the  hot  room  test  the 
room  temperature  was  constant  almost  from  the  first,  this  is 
not  true  in  the  cold  room  test;  but  the  temperature  of  the  room 
rose,  due  to  the  losses  of  the  motor  and  generator,  until  at  the 
end,  when  constant  conditions  were  obtained,  it  was  usually 
considerably  higher  than  at  the  beginning  of  the  test. 

It  was  found,  by  comparing  the  thermometers,  that  they 
differed  considerably  one  from  the  other,  and  hence  all  were 
calibrated  with  two  which  read  alike,  chosen  as  standard.  In 
order  to  eliminate  the  necessity  of  applying  a  correction  to  each 
thermometer  reading,  the  same  thermometers  were  used  to  read 
temperatures  on  the  same  parts  of  the  machine  throughout  the 
test.  In  the  case  of  the  thermometers  on  the  stationary  parts, 
nearly  all  were  left  in  the  same  positions  from  the  start;  the  only 
ones  removed  were  those  on  the  pulley  end  shield  and  these  were 
removed  only  when  conditions  were  changed  by  removing  the 
fan.  In  placing  the  thermometers  on  the  rotating  parts  at  the 
end  of  the  run  the  same  thermometers  were  also  used,  and  the 
men  attempted  to  place  these  exactly  in  the  same  positions. 

The  instruments  used  in  the  test  were  carefully  calibrated 
before  and  after  the  runs,  and  practically  no  change  was  found, 
so  that  the  relative  readings  were  accurate. 

The  tests  on  the  7i-h.p.  motor  were  run  under  six  conditions: 

1.  Open  motor  with  fan;  that  is,  the  motor  was  provided 
with  a  fan  on  the  pulley  end  and  the  commutating  end  com- 
pletely open  to  the  air. 

2.  Open  motor  without  fan.  In  this  case  the  motor  was 
exactly  the  same,  except  that  the  fan  on  the  pulley  end  was 
removed. 

3.  Semi-enclosed  motor  with  fan.  Under  these  conditions, 
with  a  fan  on  the  pulley  end,  a  ventilating  cover  was  placed 
over  the  commutating  end. 

4.  Semi-enclosed  motor  without  fan.  The  fan  was  removed 
and  the  same  ventilating  cover  was  used  as  in  the  preceding. 

5.  Totally  enclosed  motor  with  fan.  In  this  case  the  venti- 
lating cover  was  replaced  by  a  totally  enclosing  cover  and  the 
openings  in  the  pulley  end  shield  were  closed. 

6.  Totally  enclosed  motor  without  fan.  The  conditions 
were  the  same  as  in  the  fifth  run  except  with  the  fan  removed. 

The  tests  on  the  20-h.p.  motor  were  run  only  imder  three  of 
the  above  conditions,  viz.:  first,  third,  and  fifth;  in  other  words, 
in  the  case  of  the  latter  motor  we  did  not  remove  the  fan. 
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The  input  into  the  7i-h.p.  motor  was  held  at  28.5  amperes 
during  the  tests  run  under  the  first  foxu*  conditions  and  at  14.25 
amperes  during  those  run  under  the  last  two,  as  the  tempera- 
tures would  have  been  dangerously  high  had  the  normal  rated 
current  been  held  when  running  as  a  totally  enclosed  machine. 
The  input  into  the  20-h.p.  motor  was  held  at  75  amperes  during 
the  tests  run  imder  the  open  and  semi-enclosed  conditions,  and 
at  37.5  amperes  dtuing  those  run  under  the  totally  enclosed 
conditions. 

It  was  the  original  intention  to  run  four  tests  under  each  of 
the  different  conditions,  two  at  the  cold  room  and  two  at  the  hot 
room  temperature.  The  check  tests  at  the  same  conditions  were 
really  the  same  tests  with  a  short  interval  of  time  between. 
That  is,  the  motor  was  run  under  one  fixed  condition  until  the 
temperatiues  were  constant;  it  was  then  shut  down  and  final 
readings  taken.  Then  it  was  immediately  started  up  and  the 
check  run  put  on  under  the  same  condition. 

This  plan  was  followed,  giving  24  tests  on  the  7i-h.p.  motor, 
and  at  the  end,  due  to  the  confusing  results  on  the  open  motor 
with  fan  and  the  semi-enclosed  motor  without  fan,  it  was  thought 
necessary  to  repeat  the  tests  under  these  conditions.  In  the 
case  of  the  open  motor  with  a  fan  all  four  tests  were  repeated, 
but  in  the  case  of  the  semi -enclosed  motor  without  fan  only 
three  check  tests  were  run,  because  the  results  of  the  third  at 
the  hot  room  temperature  checked  very  closely  with  the  two 
previous  ones. 
The  list  of  the  tests  made  on  the  7i-h.p.  motor  is  as  follows: 

Hot  room  Cold  room 

Open  motor  with  fan 4  runs  4  runs 

Open  motor  without  fan 2  runs  2  runs 

Semi-enclosed  motor  with  fan 2  runs  2  runs 

Semi-enclosed  motor  without  fan 3  runs  4  runs 

Totally  enclosed  motor  with  fan 2  runs  2  runs 

Totally  enclosed  motor  without  fan.  .  .       2  runs  2  runs 

The  list  of  the  tests  made  on  the  20-h.p.  motor  is  as  follows: 

Hot  room  Cold  room 

Open  motor  with  fan 2  runs  2  runs 

Semi-enclosed  motor  with  fan 2  runs  2  runs 

Totally  enclosed  motor  with  fan 2  runs  2  runs 
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At  the  beginning  of  the  tests  great  care  was  taken  in  measur- 
ing the  cold  resistance  of  the  shunt  fields.  The  readings  were 
taken  after  the  motors  had  been  in  the  room  a  long  enough 
time  to  allow  the  temperatures  on  the  motor  parts  to  become 
the  same  as  that  of  the  room.  These  cold  resistance  readings 
were  taken  on  different  days,  at  different  room  temperatures. 
The  restdts,  from  which  the  resistance  at  25  deg.  was  calculated, 
checked  within  0.3  of  one  per  cent. 

In  every  case  the  heat  runs  were  continued  until  the  field 
readings  showed  a  constant  resistance  for  at  least  two  hours, 
and  the  thermometers  on  the  different  parts  also  showed  con- 
stant temperatures  throughout  the  same  period. 

Precautions.  Following  are  given  precautions  which  were 
taken  to  secure  accurate  results  and  obtain  as  nearly  as  possible 
laboratory  conditions.  Some  of  these  precautions  have  been 
given  in  the  description  above,  but  it  is  thought  best  to  repeat 
them  under  this  heading. 

1 .  Recording  voltmeter  record  of  the  motor  voltage  was  kept. 

2.  Precautions  were  taken  to  eliminate  drafts  and  sudden  changes 
of  room  conditions. 

3.  Thermometers  were  kept  in  the  same  relative  positions. 

4.  The  data  for  any  one  run  were  immediately  taken  from  the  men 
running  the  test,  so  that  their  readings  during  the  check  run  would  not  be 
influenced  by  their  knowledge  of  values  previously  obtained. 

5.  The  instruments  were  calibrated  before  and  after  the  tests  to 
determine  if  any  change  had  taken  place  in  their  errors. 

6.  The  same  men  performed  the  same  tasks,  st^ch  as  reading  the 
thermometers,  and  regulating  the  voltage,  in  order  to  eliminate,  as  far  as 
possible,  personal  errors. 

7.  All  final  temperature  readings  were  taken  by  the  same  men; 
that  is,  no  run  was  taken  off  by  the  night  force. 

8.  Four  thermometers  were  read  in  different  positions  in  the  room, 
relative  to  the  motor,  two  being  directly  in  the  open  air  and  two  being 
immersed  in  oil. 

Results 

Special  Test.     Figs.  4  to  12. 

A.   7i-h.p.,   825-rev.  per  min.,  230-volt,  28.5-ampere  motor. 

1 .  Open  motor  without  fan.  Run  at  rated  load  until  condi- 
tions were  constant.  Two  runs  at  23  deg.  room  temperature; 
one  at  44  deg.  and  one  at  45  deg. 

Looking  at  Fig.  4,  the  results  are  plotted  in  the  same  way  as 
in  Figs.  2  and  3.  We  have  averaged  the  results  for  the  cold 
room  runs  and  also  for  the  hot  room  runs,  inasmuch  as  the 
different  tests  under  these  conditions  varied  only  a  very  little 


1>I3] 


EFFECT  OF  ROOM  TEMPERATURE 


207 


in  the  value  of  room  temperature,  and  it  was  thought  that  an 
average  of  the  rises  would  mean  more  than  curves  with  check 
points  plotted  on  them.  The  same  applies  to  the  remaining 
curves  for  the  special  tests. 

All  parts  show  lower  rise  at  hot  room  temperature,  except 
the  commutator,  which  became  quite  rough  between  runs. 

Correction  to  be  applied  to  the  rise  per  degree  difference  of 
room  temperature  from  25  deg.  varies  from  —0.193  per  cent 
to  -0.754  per  cent,  for  the  different  parts  of  the  machine.  The 
minus  sign  is  used  to  indicate  those  corrections  which  show  a 
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Pic.  4 — Open  MoTom 
l*As-7i  B.P.,  825  REV.  1 

«0  Volts. 


Fig.    5 — Open  Motok  witi 

— 7i    H.P.,    825    REV.    PBB    MIN. 


''Wer  rise  at  hot  room  temperature,  and  a  positive  sign  the 
opposite.  These  signs  are  assigned  on  the  basis  of  the  slope 
of  the  curve  of  rise  against  room  temperature. 

2.  Open  motor  with  fan.  (See  Fig.  5.)  Run  at  rated  load 
intil  conditions  were  constant.  Three  runs  at  practically  24 
ifeg-;  one  at  26  deg. ;  two  at  44  deg.  and  one  at  47  deg.  Results 
not  in  the  same  direction  for  the  different  parts. 

ShuDt  field  by  resistance Inconsistent 

Shunt  field  by  thermometer Rise  less  at  hot  room  temp. 

Annatiue  core  and  conductor. . . .  Inconsistent. 

CommutatinK  spool Inconsistent. 
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Commutator Inconsistent. 

Pole  core Inconsistent. 

Frame Inconsistent. 

Pulley  end  bearing Inconsistent. 

Commutator  end  bearing Rise  less  at  hot  room  temp. 

By  "inconsistent"  is  meant  that  results  point  in  no  definite 
direction,  due,  probably,  to  difference  between  actual  tempera- 
ture rises  being  less  than  experimental  error. 
Corrections  not  calculated. 

3.   Semi-enclosed  motor  without  fan.     (See    Fig.    6.)     Run 
at  rated  load  until  conditions  were  constant.     Three  runs  at 
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Fig.  6— Semi- Enclosed  Motok  Fig.  7 — Sehi-Enclosed  Motok 
WITHOUT  Pan— 7J  h.p..  835  bev.  with  Fan — 7i  h.p.,  825  bev.  per 
PBR  MIN.,  230  Volts.  min.,  230  Volts. 

practically  24  deg.;  one  at  23.5  dcg.;  two  at  practically  44  and 
one  at  45  deg.  Results  not  in  the  same  direction  for  the  dif- 
ferent parts. 

Shunt  field  by  resistance Inconsistent. 

Shunt  field  by  thermometer Inconsistent. 

Armature  core Inconsistent. 

Commutating  spool Rise  less  at  hot  room  temp. 

Commutator Inconsistent. 

Pole  core Rise  less  at  cold  room  temp. 

Frame Inconsistent. 

Pulley  end  bearing Inconsistent. 

Commutator  end  bearing Rise  less  at  hot  room  temp. 

Corrections  not  calculated. 
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4.  Semi-enclosed  motor  with  fan.  (See  Fig.  7.)  Run  at 
rated  load  until  conditions  were  constant.  Two  runs  at  practi- 
cally 25  deg.;  one  at  47;  one  at  47.5.  All  parts  show  lower  rise 
in  hot  room. 

Correction  to  be  applied  to  rise  per  degree  difference  of  room 
temperature  from  25  deg,  varies  from  —0.216  per  cent  to  —1.36 
per  cent. 

5.  Totally  enclosed  motor  without  fan,  (See  Fig.  8,)  Run 
at  one-half  rated  load  until  conditions  were  constant.  Two 
runs  at  practically  20.5  deg.  and  two  at  practically  45  deg. 
All  parts  show  lower  rise  at  hot  room  temperature. 
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Correction  to  be  applied  per  degree  difference  of  room  tem- 
peratiire  from  25  deg.  varies  from  —0.233  per  cent  to  —0,785 
per  cent. 

6.  Totally  enclosed  motor  with  fan,  (See  Fig.  9.)  Run  at 
one-half  rated  load  until  conditions  were  constant.  Two  runs  at 
25  deg.;  two  at  45  deg.  All  parts  show  lower  rise  at  hot  room 
temperature. 

Correction  to  be  applied  to  rise  per  degree  difference  of  room 
temperature  from  25  deg.  varies  from  —0.164  per  cent  to  —0.696 
per  cent. 

It  may  be  well  to  add  that  we  also  tested  the  open  7)<h.p. 
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motor  with  the  entire  frame  covered  with  asbestos  lagging,  in 
order  to  eliminate  radiation  losses,  as  far  as  possible,  and  the 
results  were  not  sufficiently  different  from  the  open  motor 
without  the  asbestos  lagging,  to  warrant  our  including  them  in 
this  paper. 

B .  20-h.p.,  700-rev.  per  min.,  230-voIt,  75-ampere  motor  with 
fan. 

1.  Open  motor.  (See  Fig.  10.)  Run  at  rated  load  until 
conditions  were  constant.  One  run  at  25.5  deg.;  one  at  29;  and 
two  at  41.5  deg.  All  parts  except  armature  core  and  com- 
mutating  spool  show  lower  rise  at  hot  room  temperature. 
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Fig.  10 — Open  Motor  with  Fig.  11 — Semi-Enclosed  Motor 
Fan — 20  h.p.,  700  rev.  per  min.,  with  Fan — 20  h.p.,  700  rev.  per 
230  Volts.  hih. 


Correction  to  be  applied  to  rise  per  degree  difference  of  room 
temperature  from  25  deg.  varies  from  —0.152  per  cent  to  —1.25 
per  cent,  for  all  parts  except  those  mentioned. 

2.  Semi-enclosed.  (See  Fig.  11.)  Run  at  rated  load  until 
conditions  were  constant.  One  run  at  21  deg.;  one  at  24  and 
two  at  44.  All  parts,  except  armature  core  and  commutating 
spool,  show  less  rise  at  the  hot  room  temperature. 

Correction  to  be  applied  to  rise  per  degree  difference  of  room 
temperature  from  25  deg.,  varies  from  —  0.314  per  cent  to 
—3.19  per  cent. 

3.  Totally  enclosed  motor.    (See  Fig.  12.)    Run  at  one-half 
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rated  load  until  conditions  were  constant.  One  run  at  IS  deg.; 
one  at  20  deg. ;  one  at  43  and  one  at  42. 

All  parts  show  lower  rise  at  hot  room  temperature. 

Correction  to  be  applied  to  rise  per  degree  difference  of  room 
temperature  from  25deg.  varies  from  —  0.108  per  cent  to  —  0.916 
per  cent. 

Commercial  Tests.  In  the  case  of  these  tests,  the  data  on  a 
great  many  machines  of  like  rating  and  condition  of  heat  run, 
were  examined,  and  as  a  first  step  the  rises  of  the  different  parts 
were  plotted  against  the  room  temperatures.    Examples  ofjthis 
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Fig.     12 — Totally 
MOTOB    WITH    Fan^20  h. 
■BV.    PBB   WIN. 


room  temperature 
Fig.  13 — Akhatuke  Conductors 
—98  Machines,  3-h.p.,  125   Volts, 
22  Amperes,  400  rev.  per  mik. 


may  be  found  in  Figs.  13  and  15  if  we  disregard  the  straight 
line.    The  procedure  of  analyzing  the  results  is  as  follows: 

We  have  given  certain  observed  values  of  temperature  rise  in 
degrees  cent,  on  different  parts  of  electrical  machines  of  the 
same  type,  rating  and  duration  of  run,  at  different  room  tempera- 
tures given  in  degrees  cent. 

Considering  any  one  part,  the  second  step  taken  was  to  obtain 
an  average  of  the  observed  values  of  rise  at  each  of  the  different 
observed  values  of  room  temperature.  This  will  then  give  us  a 
single  value  of  rise  for  each  room  temperature,  which,  when 
conadered  with  the  total  number  of  observations  used  to  get 
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this  average,  will  be  equivalent  to  all  the  observed  values  of 
rise,  at  any  one  room  temperature,  considered  individually. 
An  example  of  this  is  given  in  Fig.  14,  where  any  one  point 
represents  the  average  of  the  number  of  observations  used  to 
determine  that  point. 

We  then  proceeded  by  making  the  following  assumptions: 

1 .  That  there  is  a  true  value  of  temperature  rise  based  on  a 
standard  room  temperature  of  25  deg. 

2.  That  a  change  of  temperature  rise,  due  to  a  different 
room  temperature,  is  proportional  to  a  certain  percentage  of  the 
difference  between  that  room  temperature  and  25  deg. 
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Fig.  14— Armatubb  Conduc- 
tors— 98  Machines,  3-h.f.,  125 
Volts,    22    Amperes,    400  rev. 


Pig.  16 — Shunt  Pibld  by  Resis- 
tance— 8S  Machines,  3-h.p.,  125 
Volts,  22   Amperes,  400  rev.  per 

UIN. 


3 .  That  the  actual  temperature  rise  at  any  room  temperature 
is  equal  to  the  true  rise  at  25  deg.  plus  a  certain  percentage 
of  that  rise,  based  on  the  differences  of  actual  room  temperature 
from  25  deg,  plus  an  error  of  observation,  or  accidental  varia- 
tion of  test  conditions. 

4.  That  each  value  has  a  weight  corresponding  to  the 
number  of  observations. 

5.  That  the  algebraic  sum  of  all  the  errors  is  equal  to  zero. 

6.  That,  from  mechanical  analogy,  each  average  of  observed 
values,  multiplied  by  the  number  of  observations  giving  that 

I,  and  again  multipUed  by  its  distance  from  the  line  («.«. 
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its  error)  is  a  force  pulling  the  line  toward  itself;  the  lever  arm  of 
said  force  being  equal  to  the  observed  room  temperature  minus 
25  deg.  cent.,  and  that  the  line  which  we  are  seeking  to  represent 
the  mean  of  observed  values  of  temperature  rise  at  different 
room  temperatiu^s,  is  in  equilibrium  when  all  the  moments  of 
these  forces,  obtained  by  multiplying  them  into  said  lever  arm, 
are  jointly  equal  to  zero. 
Then,  let 

/i,  tt  etc.   =  the  observed  values  of  room  temperature. 
Biy  Bt  etc.    =  the  average  of  observed  values  of  temperature 

rise  at  /i,  /j,  etc. 
xVi,  Nt  etc.  =  the  number  of  observations  for  any  one  average 

of  observed  values, 
a,  &,  c  etc.  =  the  error  of  observation  of  5i,  5j,  etc. 

A      =  true  value  or  average  rise,  based  on  25  deg.  room 

temperature. 
X     =  the  correction  per  degree  difference  from  25  deg. 
to  be  applied  to  the  rise. 
Then 

Bi     =  i4  +  (/i  -  25)  X  i4  +  a 
JB,     =  i4  +  (/,  -  25)  X  i4  +  6 
Bi     =  i4  +  (/i  -  25)  xA+c 
and  so  on.     Further 

a     =  JBi  -  i4  jl  +  (A  -  25)  jc! 
b     =  5,  -  i4  11  +  ih  -  25)jc( 
Or  in  general,  dropping  the  subscripts, 

an  error       =  B-A    jl  +  (/  -  25)  x\ 

Referring^  to  assumption  5,  we  m,ust  take  care,  under  our 
system  of  averages,  to  multiply  or  weight  each  error  by  the 
number  of  observations  used  to  get  the  average  error,  and  so,  in 
accordance  with  the  said  assumption, 

I  NIB- A  |1  +  (/  -  25)x|  ]  =  0 

In  accordance  with  assumption  6,  we  then  have 

J  NIB-A  \  1  +  {t  -25  deg.)  x\]  (t  -  25)  =0 

We  then  have  two  simultaneous  equations  in  A  and  x,  and 
hence  can  solve  for  these  constants  and  obtain  the  desired  line. 

After  using  the  above  method  we  discovered  an  application  of 
the  method  of  least  squares  given  by  Weisbach  in  Mechanics 
of  Engineering,  pages  95  to  98,  applicable  to  this  problem.  We 
have  proved  to  our  satisfaction  that  our  method  and  the  method 
of  least  squares,  as  quoted  above,  are  identical. 
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In  accordance  with  this  procedure,  we  have  then  added  to 
Figs.  13  and  15  the  lines  which  represent  the  mean  of  observed 
values  of  temperature  rise  at  different  room  temperatures. 

In  the  following,  the  rating  and  conditions  under  which  the 
heat  run  was  made,  the  number  of  machines  tested  imder  similar 
conditions,  and  the  variation  of  room  temperature  will  be  given. 
Also  the  variation  of  the  correction  to  be  applied,  based  on  the 
rises  for  the  main  parts,  will  be  recorded.  The  parts  on  the 
direct-current  machines,  whose  rises  were  reduced  to  a  mean 
slope,  and  corrections  calculated,  are: 

Shunt  field  by  resistance. 

Shunt  field  by  thermometer. 

Armature  core. 

Commutator. 
On  the  altemating-ciUTent  machines: 

Armature  conductors  by  thermometer. 

Armature  conductors  by  resistance. 

Armature  core. 

Pole  core. 
In  the  one  case,  where  induction  motors  were  investigated, 
only  rises  on  the  stator  conductors  by  resistance  and  by  ther- 
mometer were  reduced  to  a  mean  slope. 

A.  3-h.p.,  125-volt,  400/535-rev.  per  min.  direct-current 
totally  enclosed  motors  with  a  two-hr.  heat  run  at  normal  load. 

1 .  Run  at  535  rev.  per  min.  All  parts  to  which  our  method 
was  applied  show  a  negative  slope,  varying  from  —  0.959  per 
cent  to  —  2.75  per  cent. 

The  above  values  are  based  on  79  machines,  with  the  room 
temperature  varying  from  13  to  26  deg. 

2.  Run  at  400  rev.  per  min.  All  slopes  negative,  varying 
from  —  0.014  per  cent  to  —  0.481  per  cent. 

The  above  values  are  based  on  89  machines,  with  the  room 
temperature  varying  from  12  to  32  deg. 

B.  22-h.p.,  650/1050-rev.  per  min.,  120-volt,  direct-current, 
semi-enclosed  motors. 

The  runs  were  made  until  constant.  There  were  28  machines, 
with  the  room  temperature  varying  from  23  to  34  deg.  The 
rises  of  the  shunt  field  and  conmiutator  gave  a  slope  of  from 
—  0.601  per  cent  to  —  0.661  per  cent,  while  the  armattire  core 
gave  a  slope  of  +  0.094  per  cent. 

C.  Direct-current,  open  motors;  run  imder  normal  load 
tmtil  constant. 
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1.  20-h.p.,  1100-rev.  per  min.,  220-volt  motors.  Here  we 
found  57  machines  with  the  room  temperature  varying  from  15 
to  34  deg.,  which  gave  corrections  for  shunt  field  of  —  0.066  per 
cent  by  resistance,  and  —  0.382  per  cent  by  thermometer,  while 
the  armature  core  gave  +  0.302  per  cent  and  the  commutator 
+  1.2  per  cent. 

2.  35-h.p.,  600-rev.  per  min.,  220-volt  motors.  Runs  were 
obtained  from  41  machines,  with  room  temperature  varying  from 
13  to  32  deg.  Here  the  shunt  field  by  resistance  gave  a  correction 
of  +  1.04  per  cent;  while  the  shunt  field  by  thermometer  gave 
-  1.84  per  cent;  the  armature  core  —  2.03  per  cent  and  the 
commutator  +  0.118  per  cent. 

3.  60-h.p.,  550-rev.  per  min.,  220-volt  motors.  Twenty-five 
machines  with  a  variation  of  room  temperature  from  12  to  31 
deg.,  gave  a  correction  for  the  shunt  field  and  armature  core  of 
from  —  0.241  to  —  2.171  per  cent;  while  the  commutator  .gave 
+  0.993  per  cent. 

D.  Single-phase,  alternating-current  generators.  Run  under 
normal  load  until  constant. 

1.  90-kw.,  900-rev.  per  min.,  60-cycle,  2300-volt  form  "B" 
generators.  Thirty-nine  machines,  with  room  temperature 
varying  from  18  to  29,  gave  all  negative  corrections,  varying 
from  —  0.055  per  cent  to  —  1.46  per  cent. 

2.  90-kw.,  900-rev.  per  min.,  60-cycle,  2300-volt  form  "A" 
generators.  Thirty-nine  machines,  with  room  temperature  vary- 
ing from  18  to  29  deg.,  gave  corrections  varying  from  —  0.032 
percent  to  —  2.178  per  cent. 

3.  120-kw.,  900-rev.  per  min.,  60-cycle,  2300-volt  generators. 
Under  this  rating  we  found  41  machines  with  room  temperature 
varying  from  16  to  35  deg.  All  parts,  except  armature  conductor 
by  resistance,  gave  a  negative  correction  varying  from  —  0.87 
percent  to  —  1.224  per  cent;  while  the  armature  conductors  by 
resistance  gave  +  0.607  per  cent. 

4.  120-kw.,  1070-rev.  per  min.,  125-cycle,  2300-volt  genera- 
^rs.  Thirty  machines,  with  room  temperature  varying  from  15 
^  33  deg.,  gave  corrections  varying  from  —  0.7  per  cent  to 
""  2.47  per  cent. 

E.  1-h.p.,  1800-rev.  per  min.,  60-cycle,  110-220- volt,  induction 
^tors.    Run  under  normal  load  until  constant. 

In  the  case  of  induction  motors  we  have  but  two  values  of 
slope;  one  for  the  stator  conductors,  by  thermometer,  of  —  1.21 
per  cent,  and  the  other  for  stator  conductors,  by  resistance,  of 
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—  0.56  per  cent.  This  is  based  on  33  machines,  with  a  room 
temperature  varjring  from  13  to  30  deg. 

F.  150-h.p.,  400/600-rev.  per  min.,  220-volt,  direct-current 
motors. 

Tests  on  these  machines  are  very  recent  ones;  in  fact,  they 
have  not  as  yet  been  completed,  and  we  include  them  because 
of  the  marked  difference  in  the  runs  at  different  room  tempera- 

TABLB  I 

VALUES  OP  CORRECTION  IN  PER  CENT 
SPECIAL  TESTS 


7*-h.p. 

motor 

2a.h.p 

.  motoi^— W.  P. 

Part 

O. 

S.  E. 

T.E. 

T.E. 

No   P. 

W.  P. 

No   P. 

W.  P. 

T.E. 

S.  E. 

O. 

Shunt    field   by   re- 

sistance  

-0.193 

—0.318 

—0.233 

—0.244 

-0.108 

—0.417 

—0.64 

Shunt  field  by  ther- 

mometer  

—0.333 
-0.412 

—0.678 
—0.495 

—0.477 
—0.443 

—0.364 
—0.164 

—0  375 
—0.328 

—0.314 

—0.244 
—0.291 

Shunt  field  terminal 

Armature  core 

-0.272 

—0.310 

— 0.4C5 

—0.226 

—0.248 

Commutating  spool 

—0.216 

—0.392 

-0.305 

—0.416 

—0.346 

Commutating  spool 

terminal 

—0.249 

* 

—0.502 
—0.570 

—0.350 
—0.384 

—0.366 
—0.366 

—0.332 
—0.238 

—  1.36 

-1.25 

Commutator 

Pole  core 

—0.103 

—0.216 

—0.495 

—0.209 

—0.427 

—0.677 

—0.341 

Commutator        end 

bearing 

—0.754 
-0.716 

—  1.36 

—  1.32 

—0.785 
—0.282 

—0.334 
—0.696 

—0.916 
— 0  536 

—3.19 
—  1.23 

—2.75 
—0.152 

Pulley  end  bearing.. 

Frame. .  , 

—0.410 
4 

—0.72 

4 

—0.514 

4 

—0.239 

4 

-0  300 

4 

—0.761 

4 

—0.283 

4 

Number  of  tests. .    . 

Range  of  room  temp- 

erature in  deg. cent 

23 

25 

21 

25 

18 

21 

25 

to 

to 

to 

to 

to 

to 

to 

45 

47 

46 

45 

43 

44 

42 

*  Corrections  not  calculated  because  data  were  considered  incorrect  due  to  roug^ 
commutator.  Other  blank  spaces  indicate  that  on  these  parts  the  data  pointed  in  no  defi- 
nite direction  and  it  was  not  considered  advisable  to  apply  the  least  square  method  to  so 
small  a  number  of  tests. 


Jtures.  There  are  only  eight  runs  on  four  different  machines, 
run  at  normal  load  (400  rev.  per  min.)  for  eight  hours,  and  we 
do  not  consider  these  tests  in  the  class  of  accurate  ones.  The 
room  temperature  varied  from  21  to  39  deg.  The  corrections 
varied  from  —  0.278  per  cent  to  —  2.78  per  cent. 

A  general  sxunmary  of  the  corrections  foimd,  is  given  in 
Tables  I  and  II.  An  explanation  of  the  abbreviations  used  will 
probably  be  necessary. 


1913] 


EFFECT  OF  ROOM  TEMPERATURE 


277 


0        is  used  to  represent  open  motor. 


S.E.    " 

U 

u 

u 

T.E.  " 

a 

u 

u 

NoF." 

u 

u 

u 

W.F.  " 

u 

u 

u 

semi-enclosed  motor, 
totally  enclosed  motor, 
motor  without  fan. 
motor  with  fan. 


TABLE  II 

VALUES  OF  CORRECTION  IN  PER  CENT 

COMMERCIAL  TESTS 


Part 


Shunt  field  by  re 
nstance 

Shunt  field  by  ther 
mometer 

Armature  core 

Commutator 

Number  of  tests. . . 

Ranee  of  room  tem 
peiature 


3  ti.p. 

T.  E. 

22  h.p. 

20  h.p. 

35  h.p. 

60  h.p. 

150  h.p. 

S.  E. 

0. 

0. 

0. 

0. 

400 

&36 

650 

1100 

600 

550 

400 

r.p.m. 

r.p.m. 

r.p.m. 

r.p.m. 

r.p.m. 

1 

r.p.m. 

r.p.m. 

—0.014 

—2.75 

* 

—0.066 

+  1.04 

—2.17 

—2.78 

—0.264 

—  1.03 

—0.661 

—0.382 

—  1.84 

-1.24 

—0.278 

—0.187 

—0.969 

+0.094 

+0.302 

—2.03 

—0.241 

—0.212 

—0.481 

—  1.09 

—0.601 

+1.20 

+0.118 

+0.993 

89 

79 

28 

67 

41 

26 

8 

12 

13 

23 

16 

13 

12 

21 

to 

to 

to 

to 

to 

to 

to 

32 

26 

34 

34 

32 

31 

39 

Part 


Armature  conductors  (by  res.).. 
Armature  conductors  (by  ther.) 

Armature  core 

Pole  core 

Stator  conductors  (by  res.) 

Stator  conductors  (by  ther.) . . . 

Number  of  tests 

Range  of  room  temperature. . .  . 


Alternators 

Ind. 
Motor 
1  h.p. 

90  kw. 

90  kw. 

120  kw. 

120  kw. 

O-B 

O-A 

O-A 

O-A 

O 

900 

900 

900 

1070 

1800 

r.p.m. 

r.p.m. 

r.p.m. 

r.p.m. 

r.p.m. 

—0.065 

—2.178 

+0.607 

-0.700 

—  1.46 

— 0  032 

—  1.224 

-2.44 

—  1.35 

—0.991 

—  1.09 

—2.46 

—  1. 00 

—0.407 

-0  870 

-2.47 

—0.557 
—  1.21 

39 

39 

41 

30 

33 

18 

18 

16 

16 

13 

to 

to 

to 

to 

to 

29 

29 

35 

33 

30 

*  Data  not  reliable.    Other  blank  spaces  indicate  that  such  parts  are  not  found  on  the 
particular  machines  or  that  such  parts  were  not  investigated. 

In  these  tables  we  have  given  the  different  parts  with  the 
value  of  correction  found  for  each  part  for  each  type  of  motor, 
the  number  of  tests,  and  the  range  of  room  temperature. 

We  have  not  included  in  this  table  the  results  on  the  7J-h.p. 
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open  motor  with  fan  and  semi-enclosed  motor  without  fan, 
results  of  which,  we  have  said  before,  showed  great  inconsistency, 
and  since  there  were  only  a  few  tests,  we  did  not  consider  it 
advisable  to  apply  the  method  used  to  determine  the  line  of 
mean  slope,  that  was  used  in  the  case  of  the  large  number  of 
commercial  tests. 

Tables  I  and  II  represent  a  total  of  2211  values  of  observed 
temperature  rise  on  the  various  types  of  machines.  Of  this 
number  1921  show  a  negative  correction,  while  290  show  a 
positive.  In  other  words,  about  86.9  per  cent  indicate  that  the 
temperature  rise  on  motors  and  generators  is  less  in  a  hot  room 
than  in  a  cold  one,  while  13.1  per  cent  indicate  the  opposite. 

The  average  of  all  these  values  of  correction  is  —  0.7  per 
cent. 

In  these  tests  no  account  has  been  taken  of  the  temperature 
of  the  walls  of  the  room  as  compared  with  the  temperature  of  the 
air.  In  hot  weather  the  temperatiu-e  of  the  walls  might  be 
about  the  same  as  that  of  the  surrounding  air,  but  in  cold  weather 
the  walls  of  a  heated  room  would  be  of  lower  temperature  than 
the  surrotmding  air  and  might  affect  the  direct  radiation  of  the 
motor  to  some  extent.    This  matter  will  be  investigated  later. 

It  shotild  be  noted  that  the  field  rise  as  determined  by  resist- 
ance falls  less  with  increased  room  temperature  than  the  reduc- 
tion of  heat  dissipated;  i.e.,  if  the  energy  dissipated  by  the  field 
coil  was  maintained  constant,  the  field  coils  would  probably 
show  a  higher  rise  of  temperature  in  a  hot  room.  This  condition 
is  expected  to  exist  in  case  of  generators. 

Conclusions 

We  believe  that  the  information  submitted  warrants  us  in 
drawing  the  following  conclusions: 

1.  The  present  correction  rule  is  wrong  and  should  be 
abrogated. 

2.  The  considerable  variations  obtained  show  the  difficulty 
of  making  a  rule  that  will  include  all  types  of  machines  or  even 
all  parts  of  the  same  machine. 

3.  A  consideration  of  the  total  temperature  obtained  when 
working  under  normal  conditions  in  the  maximtun  room  tem- 
perature, is  of  more  importance  than  the  rise  of  temperature. 

4.  Fiuther  tests  leading  to  a  determination  of  a  correct  rule, 
if  possible,  are  desirable. 
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EFFECT  OF  AIR  TEMPERATURE,  BAROMETRIC 
PRESSURE  AND  HUMIDITY  ON  THE  TEM- 
PERATURE RISE  OF  ELECTRIC 

APPARATUS 


BY   C.    E.    SKINNER,   L.   W.   CHUBB   AND   PHILLIPS   THOMAS 


Heat  is  dissipated  from  any  given  piece  of  electrical  apparatus 
through  conduction,  convection  and  radiation.  The  proportion 
dissipated  through  conduction  and  radiation  is  usually  quite 
small,  although  heat  is  readily  conducted  from  one  part  of  a 
machine  or  apparatus  to  other  parts  and  to  supports  in  contact. 
The  heat  dissipated  by  convection,  as  a  rule,  takes  care  of  the 
major  part  of  the  loss. 

The  present  Standardization  Rules  of  the  Institute,  under 
the  heading  of  "  Temperature  Correction  "  (Section  269),  read 
as  follows:  '*  If  the  room  temperature  during  the  test  differs 
from  25  deg.  cent.,  correction  on  account  of  difference  in  resist- 
ance should  be  made  by  changing  the  observed  rise  of  tempera- 
ture by  one-half  per  cent  for  each  degree  centigrade." 
This  correction  is  required,  apparently,  on  the  assumption  that 
the  increase  in  resistance  of  the  copper  windings  is  the  control- 
ling feature  causing  such  variation. 

The  factors  which  affect  the  variation  in  temperature  rise  in  a 
piece  of  electrical  apparatus  include  the  following: 

First:  Variation  in  resistance  with  temperature.  The  resist- 
ance of  the  copper  increases  with  temperature  and  the  correction 
for  copper  loss  should  be  plus  or  minus,  depending  on  whether 
the  ctirrent  in  a  given  winding  is  constant  or  whether  the  volt- 
age across  the  winding  is  constant. 

Second:  Variation  in  iron  Joss  with  temperature.     Other  con- 
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ditions  being  constant,  iron  loss  decreases  as  temperature  in- 
creases, due 

a.  To  increased  resistance  reducing  eddy-current  losses. 

b.  Decreasing  hysteresis  losses. 

Third:  Variation  in  amount  of  heat  radiated  at  different 
temperatiu'es.  Under  ordinary  conditions  the  amount  of  heat 
radiated  will  vary  with  the  increase  in  difference  between  the 
temperature  of  the  body  from  which  heat  is  radiated  and  the 
temperature  of  the  surrounding  objects.  The  effect  of  radiation 
on  temperatiu'e  rise  will  depend  on  surrounding  conditions,  but  as 
a  nile  there  will  be  more  heat  radiated  from  higher  temperatures 
than  from  lower  temperatures. 

Fourth:  Variation  in  convection  due  to  variation  of  viscos- 
ity of  the  cooling  medium.  There  is  probably  not  sufficient 
variation  in  the  viscosity  of  air  to  warrant  any  correction  what- 
ever for  viscosity  in  air-cooled  apparatus.  This  feature  becomes 
quite  a  factor  in  oil-cooled  apparatus,  where  the  fluidity  of  the 
cooling  medium  increases  with  temperature,  and  consequently, 
its  ability  to  carry  away  heat  by  increased  rapidity  of  circula- 
tion. 

Fifth:  Variation  due  to  change  in  thermal  conductivity  of 
the  air  at  different  temperatures. 

Sixth:  Variation  due  to  barometric  pressure.  It  is  to  be  ex- 
pected that  with  decreased  barometric  pressure  there  will  be  in- 
creased temperature  rise,  and  the  results  of  a  given  set  of  tests 
under  specific  conditions,  recorded  later,  indicate  an  increasing 
rise  with  decreased  pressure. 

Seventh:  Variation  due  to  humidity.  It  has  been  assumed 
that  on  account  of  the  heat-carrying  power  of  water  vapor  there 
should  be  a  decreased  rise  due  to  increased  humidity.  This 
corrective  factor  is,  however,  probably  ver>'  small. 

Eighth:  Variation  in  bearing  friction,  brush  friction  and  wind- 
age. 

Ninth:  Variation  depending  on  whether  the  apparatus  is 
acting  as  a  motor  or  generator  at  constant  voltage,  or  whether  it 
is  operating  at  constant  load,  constant  current  or  constant  loss. 
Whether  the  total  losses  on  a  given  piece  of  apparatus  increase 
or  decrease  with  temperature,  depends  on  how  the  apparatus 
is  operated  and  on  the  relation  of  the  various  segregated  losses 
to  each  other.  If  operating  as  a  generator  with  constant  output 
the  copper  losses  will  increase  with  rise  in  air  temperattire  and 
the  iron  losses  may  increase  or  decrease.     If  the  iron  loss  pre- 


1913]  TEMPERATURE  RISE  281 

dominates,  the  result  may  be  a  decrease  in  actual  losses  with  in- 
crease in  air  temperature,  giving  a  lower  rise.  If  operating  as 
a  motor  or  transformer  and  connected  to  a  constant  voltage, 
increased  air  temperature  may  again  either  increase  or  decrease 
the  total  losses,  and  the  rise,  as  in  the  case  of  a  generator. 

A  number  of  tests  indicating  that  the  correction  for  tem- 
perature rise  when  the  air  temperature  is  higher  than  25  deg. 
cent,  shotdd  be  negative  instead  of  positive,  as  required  by  the 
Standardization  Rules,  has  led  to  a  set  of  tests  being  made  to 
determine  some  of  the  fundamentals  which  govern  temperattu^ 
rise  from  different  temperatures.  It  will  readily  be  seen  from 
the  foregoing  that  the  problem  is  an  extremely  complicated  one 
and  that  it  is  necessary,  therefore,  to  fix  certain  conditions  and 
provide  for  the  observing  of  one  variable  at  a  time,  keeping  the 
others  constant  if  possible.  The  factors  which  were  controlled 
in  these  tests  were: 

a.  Radiation 

b.  Air  temperature. 

c.  Barometric  pressure. 

d.  Hiunidity. 

e.  Wind  velocity. 

f.  Input. 

All  tests  were  made  with  a  constant  input  to  the  test  coil. 
The  apparatus  selected  for  test  was  a  small  motor  field  coil,  of 
about  9  ohms  resistance  at  20  deg.  cent.  The  coil  was  about  6.35 
cm.  (2.5  in.)  by  1.9  cm.  (0.75  in.)  in  section,  and  was  wound  on  a 
center  block  about  9  cm.  (3.5  in.)  by  5  cm.  (2  in.).  The  block 
was  removed  before  setting  up  for  the  tests.  This  coil  was 
himg  in  the  center  of  a  closed  cubical  box,  about  61  cm.  (2  ft.)  on 
a  side.  At  two  opposite  ends  of  the  box,  connection  was  made 
with  an  air  circulating  pipe  30.5  cm.  (1  ft.)  in  diameter,  which 
formed  a  closed  system  with  the  box  and  a  blower.  The  whole 
system  was  made  as  nearly  air-tight  as  possible,  and  vari- 
ation in  internal  presstu'e  was  secured  by  means  of  a  motor- 
driven  air  pump  used  either  to  exhaust  or  compress  the  air  in  the 
system.  A  cubical  sheet  metal  baffle  was  mounted  inside  the 
coil  box,  equipped  with  a  fine  mesh  screen  at  the  ends  through 
which  the  air  entered  and  left  the  coil  space.  About  two  inches 
(5l  mm.)  of  free  air  space  was  left  on  all  sides  between  the  baffle 
and  the  coil  box,  in  order  to  be  sure  that  the  temperature  of  the 
baffle  wall  and  the  air  surrounding  the  coil  should  be  the  same. 
The  screen  across  the  ends  of  the  baffle  also  extended  across  the 
clearance  to  the  inside  of  the  coil  box.     The  pressure  within  iVie  i 
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system  was  read  on  a  differential  mercury  manometer  c 
eating  with  the  atmosphere  outside ;  the  external  pressure  was 
given  by  a  carefully  adjusted  aneroid  barometer.  The  veloc- 
ity of  the  circulating  air  was  measured  by  the  cooling  effect 
upon  a  small  copper  wire  suspended  directly  beneath  the  coil, 
the  air  speed  being  calculated  from  the  current  necessary  to 
maintain  the  resistance  of  this  wire,  between  definite  potential 
points,  at  a  predetermined  constant  value*  The  temperature 
of  tlie  coil,  and  of  the  air  directly  above  and  below  the  coil,  was 
given  by  iron-advance  thermocouples.  The  coil  couple  was 
mounted  in  contact  with  the  covering  of  the  wire  on  the  extreme 
upper  surface  of  the  coil,  which  was  subsequently  given  a  serv- 
ing of  cotton  tape  and  two  coats  of  black  armature  varnish  and 
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Fio.  lA — Top  View  of  Apparatus.     Fig,  Ib — Section  A-A,  Schematic 


baked  dry.  The  relative  humidity  of  the  circulating  air  was 
determined  from  the  readings  of  a  wet  and  dry  bulb  thermometer, 
with  the  bulbs  in  the  path  of  the  air  just  before  entering  the  coil 
enclosure.  The  temperature  of  the  circulating  air  could  be  varied 
within  wide  limits  by  electric  heater  elements  inserted  in  the  air- 
pipe  just  after  leaving  the  coil  box,  so  that  the  heated  and  cooler 
air  would  be  thoroughly  mixed  before  again  entering  the  en- 
closure. Fig.  1,  schematic,  shows  the  location  of  the  coil, 
velocity  wire  and  thermocouples,  the  leads  from  all  of  which 
were  brought  out  through  rubber  corks  in  the  sheet-iron  cover- 
ing of  the  coil  box. 


•Keonclly,  Wrighi  and  Van  Bylevelt,  Tran: 
XXVIII,  I,  p.  363. 
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The  temperature  elevation  of  an  air-cooled  coil  is  apparently 
influenced  by  so  large  a  number  of  factors,  that  the  futility  of  an 
attempt  to  determine  the  effect  of  each  of  them,  in  the  time  avail- 
able, was  apparent  at  the  outset.  The  most  important  of  the 
controlling  factors  are  the  temperature  and  pressure  of  the  sur- 
rounding air.  The  major  part  of  the  work  was  then  concentrated 
upon  determinations  of  the  effects  of  these  two  factors.  Two 
sets  of  runs  were  made  :  First,  with  constant  watts  input  in  the 
tested  coil,  and  constant  pressure  and  speed  of  the  circulating 
air;  the  temperature  in  the  enclosure  was  varied  by  small  steps 
from  30  to  64  deg.  cent.,  and  the  temperature  of  the  coil  was 
taken  at  each  point.  Second,  with  constant  watts  input  in  the 
tested  coil,  constant  temperature  in  the  enclosure,  and  constant 
speed  of  air  circulation,  the  air  pressure  in  the  enclosure  was 
varied  from  82.8  cm.  (32.6  in.)  to  53.4  cm.  (21.0  in.)  of  mercury, 
in  small  steps,  and  the  temperature  rise  of  the  coil  was  taken  at 
each  point.  No  readings  were  finally  recorded  at  any  point, 
until  the  instrument  readings  had  all  been  constant  for  at  least 
half  an  hour. 

The  current  passed  through  the  test  coil  was  measured  by 
a  precision  ammeter,  and  the  difference  of  potential  between  the 
terminals  of  the  coil  was  measured  by  a  precision  voltmeter  con- 
nected to  potential  leads.  Rough  tests  indicated  that  the  tem- 
perature elevation  of  the  coil  was  about  28  deg.  cent,  when  car- 
rying 32  watts,  and  the  coil  current  and  potential  difference  were 
kept  such  as  to  maintain  this  input  as  nearly  constant  as  pos- 
sible during  the  tests.  The  current  through  the  speed  wire  was 
adjusted  to  give  the  same  temperature  elevation  as  in  some  pre- 
vious work  which  has  been  presented  before  the  Institute;  this 
current  was  measured  by  a  low-scale  ammeter,  and  the  potential 
across  a  length  of  the  wire  equal  to  that  used  in  the  same  tests, 
was  measured  by  a  potentiometer. 

Readings  of  the  wet  and  dry  bulb  thermometers  were  made  at 
each  point  in  every  test,  with  the  intention  of  correcting  for  the 
slight  variations  in  humidity  unavoidably  occurring;  but  a  sub- 
sequent test,  made  with  the  air  nearly  saturated  by  blowing  steam 
into  the  system,  showed  no  significant  change  in  temperature 
rise,  and  it  was  thought  inadvisable  to  attempt  any  such  correc- 
tions. 

Results 

A.  Tests  at  Constant  Air  Pressure  and  Speed.  Fig.  2  shows  in 
graphic  form  the  results  of  these  tests.     Each  point  required 
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several  hours  for  its  detennination,  so  that  the  test  as  here  re- 
corded extended  over  several  days.  The  curve  between  box 
temperature  and  coil  temperature,  plotted  to  the  same  scale,  is 
plainly  a  straight  line,  within  errors  of  observation  and  of  ad- 
justment of  the  controlling  factors:  the  points  as  obtained  do 
not  indicate  any  regidar  deviation  from  a  straight  line.  The  in- 
tercept value  of  temperature  rise  as  given  by  this  line  agrees 
closely  with  the  average  of  the  point  values,  which  means  that 
the  temperattu'e  elevation  is  constant.  It  may  be  mentioned 
here  that  the  readings  on  the  speed  wire,  worked  out  by  the 
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Fig.   2 — Variation  of  Temperature  Rise  of  Coil  with  Changing 

Temperature  of  Surrounding  Air 


equation  given  for  the  same  size,  length  and  temperature  of  wire, 
in  the  paper  already  mentioned,  gave  an  air  velocity  of  146  cm.  per 
sec.  (3.27  miles  per  hour)  for  a  blower  speed  of  789  rev.  per  min. 
This  speed  was  read  on  a  tachometer  and  was  kept  very  closely 
constant  during  the  entire  test.  The  temperatures  above  and 
below  the  test  coil  proved  to  be  identical,  when  the  air  was  cir- 
culated at  this  speed.  Table  I  gives  the  observational  results 
from  which  the  curve  of  Fig.  2  was  plotted. 

B,  Tests  at  Constant  Air  Temperature  and  Speed.  The  results 
of  these  tests  are  shown  in  Table  II,  and  graphically  in  Fig.  3. 
The    coltmm    headed    **  coil    input "    shows    the     variations 


1913] 


TEMPERATURE  RISE 


285 


that  occurred  in  this  quantity  during  the  test.  In  order  to  cor- 
rect the  temperature  rise  for  this  error,  a  test  was  subsequently 
run  between  watts  input  and  temperature  rise,  at  the  same  fan 
speed  and  box  temperature  as  were  employed  in  the  present  test, 
and  at  constant  air  pressure.  The  results  showed  the  relation 
between  coil  temperature  and  coil  input  to  be  very  nearly  linear; 
the  exact  equation  fotmd  was 

Accordingly  a  correction  for  variation  in  input  was  made  at 
each  point  taken;  the  curve  plotted  in  Fig.  3  is  taken  from 


TABLE  I 
EFFECT  OF  VARIATION  OF  TEMPERATURE  OF  ENCLOSURE  UPON  TEM- 

PERATURE  RISE  OF  COIL 


Couple  temperatures,  deg.  cent 

Coil  input. 

Blower  speed 

Air  in  box 

CoU 

Coil  rise 

watU 

rev.  per  min. 

M 

92 

28 

31.6 

787 

62.5 

90.2 

27.7 

31.7 

789 

50.6 

88 

28.4 

31.9 

787 

58 

85.2 

27.2 

31.7 

760 

55 

83 

28 

31.7 

790 

53.2 

82.2 

29 

31.6 

789 

51 

78.5 

27.5 

32.6 

785 

49.5 

78 

28.5 

31.2 

790 

48.5 

76.2 

27.7 

31.9 

790 

46.1 

73.5 

27.4 

31.9 

782 

39.2 

67 

27.8 

31.5 

776 

39.2 

66.8 

27.6 

31.6 

781 

39 

67.5 

28.5 

31.9 

780 

35 

63.1 

28.1 

31.8 

777 

34 

62.2 

28.2 

31.7 

783 

33 

61 

28 

32 

787 

30 

58.2 

28.2 

31.7 

779 

these  corrected  values.  As  this  curve  shows  about  a  13  per 
cent  variation  in  temperature  rise  for  a  decrease  of  15  cm. 
(5.9  in.)  in  atmospheric  pressure,  which  corresponds  to  a 
change  in  altitude  from  sea  level  to  1.9  km.  (6240  ft.)  above 
sea  level,  the  importance  of  determinations  of  the  magni- 
tude of  this  effect  on  finished  electrical  apparatus  is  at 
once  apparent.  It  is  possible  that  some  of  this  increase  in  tem- 
perature rise,  as  the  air  pressure  is  decreased,  may  be  due  to 
changes  in  the  air  velocity  at  different  pressures  with  the  same 
speed;  but  operating  conditions  are  much  more  nearly  those 
of  constant  fan  speed  than  of  necessarily  constant  air  ve\o(AV^ 
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SUMBIARY 

The  tests  which  have  been  completed  at  the  time  of  writing 
this  paper  are: 

First:  The  determination  of  the  rise  in  temperature,  all 
feattires  being  kept  constant,  except  the  temperature  of  the  air 
and  the  surrounding  walls. 

Second :  The  determination  of  the  variation  in  rise  of  tempera- 
ture, all  features  being  kept  constant,  except  the  barometric 
pressure. 

Third:  Some  additional  data  were  obtained  showing  variation 
of  rise  in  temperature,  all  features  being  kept  constant,  except 
humidity  of  the  surrounding  air,  but  no  difference  in  temperature 
rise  due  to  variation  in  humidity  was  found. 

Tests    are  under  way  to  determine  the  rise  in  temperature, 


barometric  pressure  cma  of  mercury 

Fig.   3 — Variation  of  Temperature  Rise  of  Coil  with  Barometric 

Pressure 


keeping  all  features  constant,  except  the  temperature  of  the  sur- 
rounding air,  with  a  view  to  determining  the  effect  of  varying 
radiation. 

Results  of  the  first  set  of  tests  are  shown  in  Fig.  2.  It  will  be 
seen  that  within  the  limits  of  error  of  observation  and  under  the 
conditions  of  the  test  as  made,  a  variation  in  the  temperattire  of 
the  air  surrounding  the  coil  does  not  affect  the  temperature  rise. 
The  slight  difference  in  the  amount  of  heat  radiated  from  the 
coil  at  different  temperatures,  even  though  the  surrounding  walls 
were  kept  at  air  temperature,  does  not  appear  in  the  recorded 
results  and  must,  therefore,  be  very  small. 

Results  of  the  second  series  of  tests  are  shown  in  Fig.  3  and 
indicate  that  there  is  a  sufficient  amoimt  of  variation  in  the  tem- 
peratiu'e  rise  of  electrical  apparatus  between  sea  level  and  an 
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altitude  of  five  thousand  feet,  for  example,  to  require  a  relatively 
small  corrective  factor.  The  data  obtained  are,  however, 
probably  not  sufficiently  conclusive  to  warrant  making  provision 
sX  this  time  for  such  correction. 

The  tests  so  far  recorded  with  variation  in  humidity  have 
^hown  no  appreciable  variation  in  temperature  rise  and  these 
xesults  agree  with  other  work  which  has  been  done  along  this 
line. 

A  theoretical  discussion  of  the  variation  in  temperature  rise 
^ue  to  variation  in  radiation,  would  indicate  that  under  cer- 
tain conditions  the  temperature  rise  from  higher  air  temperatures 


TABLE  II 
EPPECT  OP  PRESSURE  VARIATION  UPON  TEMPERATURE  RISE  OP  COIL 


Air  preasore 

Couple  temperatures 

1 
1 

deg.  cent. 

Coil  input. 

.    Blower 
speed 

Corrected 
coil  rise 

Cm. 

In. 

Air  in 
box 

CoU 

Coil 
rise 

watts 

rev.  per 
min. 

82.7 

32.6 

41 

69.5 

28.5 

31.7 

785 

28.7 

80.2 

31.6 

40.8 

69.6 

28.8 

31.7 

786 

29 

77.6 

30.5 

40.9 

69.7 

28.8 

31.8 

784 

29 

75.5 

29.7 

41.8 

70.5 

28.7 

31.8 

789 

28.9 

75.3 

29.6 

40.9 

69.5 

28.6 

31.8 

785 

28.8 

74.6 

29.2 

40.2 

68.9 

28.7 

31.8 

784 

28.9 

73.7 

29 

40 

67.8 

27.8 

31.6 

782 

29.1 

72.3 

28.5 

40.2 

69.0 

28.8 

31.6 

787 

28.2 

69.6 

27.4 

40 

68.8 

28  8 

31.7 

790 

29.1 

M.9 

2^.4 

40.7 

69.5 

28.8 

31.7 

788 

29.1 

63.8 

25.1 

40.7 

70.3 

29.6 

31.7 

784 

29.9 

61.4 

24.2 

40.5 

71.2 

30.7 

32 

786 

30.7 

58.7 

23.1 

40.5 

73.5 

33 

33.7 

785 

31.4 

56.2 

22.1 

40.2 

73.1 

32.9 

33.6 

787 

31.4 

54.1 

21.3 

40.2 

72.5 

32.3 

31.6 

787 

32.4 

-.     S3.8 

21.2 

40.4 

73.5 

33.1 

31.8 

788 

33.4 

^ight  be  less  than  from  lower  air  temperatures.  As  the  general 
^dency  of  the  other  factors  which  affect  temperature  rise  from 
different  air  temperatures  is  to  oppose  the  effect  of  radiation, 
^^^  corrections  will  in  general  tend  to  cancel  each  other. 

Conclusion 

It  will  be  seen  from  the  foregoing  discussion  that  the  problem 
^f  the  variation  in  temperature  rise  from  different  air  temperatures 
^  quite  complex  and  that  in  some  cases  the  same  item  of  loss  may 
^d  to  increase  or  decrease  the  temperature  rise,  depending  on 
the  conditions  under  which  the  apparatus  is  operated.     The  con- 
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elusion  which  can  be  drawn  from  the  tests  made,  is  that  while 
there  are  a  number  of  things  which  would  make  the  temperature 
rise  from  one  air  temperature  differ  from  that  of  another,  these 
tend  to  cancel  each  other  and,  therefore,  the  omission  of  any 
corrective  factor  for  variation  in  air  temperature  would  be  more 
nearly  in  accordance  with  the  facts  than  the  provision  made  in 
the  existing  Standardization  Rules. 
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A  LABORATORY  INVESTIGATION  OF  TEMPERATURE 
RISE  AS  A  FUNCTION  OF  ATMOSPHERIC 

CONDITIONS 


BY    C.    B.    BLANCHARD   AND   C.    T.    ANDERSON 


The  following  is  a  report  on  laboratory  tests  made  to  determine 
^e  effect  of  pressure,  temperature  and  humidity  of  the  air  sur- 
rounding a  heat-dissipating  body  on  its  rise  in  temperature  above 
that  of  the  air. 

The  original  purpose  of  this  paper  was  to  investigate  the 
Physical  laws  governing  heat  dissipation  in  air  and  to  attempt  to 
^Pply  these  laws  to  the  general  problem  of  temperature  rise  in 
^^trical  machinery.  But  in  working  up  the  results  of  the  tests 
It  Was  found  that  there  was  some  uncertainty  in  the  derived 
Quantities  because  of  uncertainties  regarding  the  precise  effec- 
tive area  of  the  heat-dissipating  body,  the  nature  of  its  surface, 
the  temperature  gradient  from  its  interior  to  its  surface,  and, 
^i^rthermore,  the  heat  losses  through  the  leads  through  which 
^l^tric  power  was  supplied  to  the  body  and  by  m^ans  of  which 
^ts    temperature  was  measured. 

This  uncertainty  is  considered  such  that  careful  physical  deri- 
vations are  not  warranted,  and  yet  the  results  are  considered 
efficiently  definite  for  all  practical  purposes  to  determine  the 
effect  of  the  various  atmospheric  conditions  on  temperature  rise 
0^  stationary  self-cooled  and  oil-cooled  apparatus.     It  is,   there- 
fore, the  purpose  to  set  forth  herein  the  details  of  the  apparatus 
^d  its  manipulation  and  the  data  and  ctirves  expressing  the  de- 
sired  relations,  and  to  postpone  the  generalizations  until  further 
tests  have  been  made.     A  rough  outline  of  the  proposed  deri- 
vations will  be  given,  however,  as  preliminary  to  a  subsequent 
paper. 
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An  outline  of  the  general  method  of  the  tests  will  first  be  given. 
Then  the  apparatus,  manipulation,  results  and  discussion  will 
be  taken  up  in  order. 

General  Method 

The  method  of  the  tests  was  as  follows: 

A  resistance  coil  was  suspended  in  a  steel  tank  containing  air. 
The  coil  was  supplied  with  electric  power.  After  constant  tem- 
perature conditions  obtained,  measurements  of  coil  temperature, 
air  temperature,  tank  temperature,  air  pressure  and  watts  input 
were  taken.  The  difference  between  the  air  temperature  and  the 
coil  temperature  was  called  the  temperature  rise.  The  vari- 
ations of  this  rise  with  air  tempetature,  air  pressure  and  input 
were  determined  by  holding  two  of  these  constant  and  varying 
the  remaining  one.  These  tests  were  made  with  dry  air  except 
when  the  effect  of  humidity  was  being  investigated.  The  details 
of  the  apparatus  used  and  the  method  of  test  are  taken  up  in  the 
following  sections. 

The  Apparatus 

The  Test  Coil.  The  heat-dissipating  body  was  a  coil  of  100  ft. 
(30.48  m.)  of  insulated  copper  wire  of  0.018  in.  (0.457  mm.)  dia- 
meter with  a  coat  of  black  enamel  of  0.001  in.  (0.025  mm.)  thick- 
ness and  one  layer  of  cotton  of  0.0025  in.  (0.0635  mm.)  thickness. 
Wound  turn  by  turn  with  this  wire  was  an  equal  length  of  copper 
wire  of  0.005  in.  (0.127  mm.)  diameter  with  a  coat  of  enamel 
0.00025  in.  (0.00635  mm.)  in  thickness.  These  two  wires  formed  a 
coil  of  5.08  cm.  internal  diameter,  7.02  cm.  external  diameter  and 
0.635  cm.  thickness.  The  leads  which  were  soldered  to  the  ends 
of  these  windings  were  of  copper  wire  of  0.041  in.  (1.04  mm.)  diam. 
with  0.0015  in.  (0.038  mm.)  enamel.  The  pyrometer  leads  were  12.7 
and  14  cm.  in  length;  those  of  the  other  winding  were  12.7  and 
16.5  cm.  in  length.  The  leads  were  soldered  to  pieces  of  double 
lamp  cord  of  16  strands  of  0.0125  in.  (0.3175  mm.)  diameter  each 
with  a  coating  of  rubber  0.025  in.  (0.635  mm.)  in  thickness  and 
cloth  0.01  in.  (0.25  mm.)  in  thickness,  and  120  cm.  in  length.  The 
soldered  joints  at  the  coil  were  taped  and  tied  to  the  coil.  The 
whole  coil  was  wrapped  transversely  with  140  cm.  of  hemp  string 
of  about  one  mm.  thickness  to  insure  mechanical  strength.  The 
coil  was  then  soaked  in  japan  and  baked.  The  soldered  joints 
at  the  lamp  cord  were  left  untaped.  These  details  are  given  for 
the  benefit  of  any  one  who  cares  to  investigate  the  results  of  these 
tests. 
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The  Air  Tank.     The  air  tank  is  shown  diagramatically  in  Fig. 

1,  It  is  of  cylindrical  form,  68  cm.  in  diameter  and  68  cm.  in 
depth.     It  has  a  flange  at  the  upper  edge  to  which  the  cover  can 

be  bolted.  Pipe  connections  are  made  through  one  side  for 
pressure  control.  The  cover  contains  two  fiber  plugs  through 
which  the  electrical  terminals  pass.  The  whole  vessel  is  painted 
black  inside.  This  tank  is  supported  inside  a  second  tank  of  100 
cm.  diameter  and  100  cm.  depth,  containing  oil.  Beneath  the 
air  tank  is  an  electrical  heating  element  of  about  two  kw.  capacity 
for  controlling  the  temperature. 

The  Pyrometers.  The  test  coil  pyrometer  has  already  been  de- 
scribed. The  air  pyrometer  consists  of  three  coils  of  0.003-in. 
(0.076  mm.)  cotton-covered  wire  wound  on  fiber  frames  so  that 


1             ""    ■"               1     ' 

,,,-;:— ™..„.r"~--:'   _ 

I>ractically  the  whole  surface  of  the  wire  is  exposed  to  the  air. 
These  coils  are  shielded  by  square  tubes  of  tin  of  several  times 
the  diameter  of  the  coil.  They  are  open  at  both  ends,  allowing 
free  passage  of  air  over  the  coils,  at  the  same  time  shielding  them 
from  any  direct  radiation  from  the  test  coil.  These  coils  arc 
connected  in  series.  The  total  resistance  of  this  pyrometer  is 
about  110  ohms.  The  tank  pyrometer  consists  of  three  brass 
spools  wound  with  0.003-in.  (0.076  mm.)  cotton-covered  wire. 
These  spools  are  screwed  to  the  tank  at  various  points.  The 
coils  are  connected  in  series.  The  total  resistance  of  this  pyro- 
meter is  about  100  ohms. 

Each  pyrometer  is  connected  through  leads  in  the  fiber  plugs 
to  the  outside  of  the  tank. 
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TheSel-Up.  The  air  tank  then  consisted  of  a  test  coil  sus- 
pended in  the  center  of  the  air  tank  by  twin  strings,  and  loaded 
by  a  storage  battery  through  terminals  in  the  cover.  The  power 
was  varied  by  a  rheostat  and  read  by  a  direct  potential  voltmeter 
and  ammeter. 

The  temperatures  were  read  by  measuring  the  resistances  of 
the  pyrometers  with  a  portable  bridge.  The  coils  were  very 
carefully  calibrated  and  the  temperatures  were  read  from  curves. 

The  air  pressure  in  the  tank  was  controlled  by  connections 
with  compressed  air  and  vacuum  lines.  It  was  measured  by 
means  of  a  mercury  column. 

Manipulation 

In  Tables  I  and  II  are  the  results  of  the  constant  input  tests. 

Each  of  these  tests  was  made  at  a  constant  air  temperature  in 


Fig. 


m  pressure  miilimetersofmercurv 

— Tehpekature  Rise  vs.  Pressure. 


order  to  determine  the  effect  of  pressure  alone.  Curves  in 
Fig.  2  express  the  variation  of  temperature  rise  with  pressure  at 
various  air  temperatures. 

In  Table  II  are  the  results  of  the  input  tests.  Each  of  these 
tests  was  made  holding  air  pressure  and  air  temperature  constant 
and  varying  the  watts  input.  The  curves  in  Figs.  4,  5  and  6 
express  the  variation  of  temperature  rise  with  watts  input  at 
various  air  pressures  and  temperatures. 

The  tests  so  far  outlined  were  made  with  dry  air.  The  air 
before  entering  the  tank  was  caused  to  pass  through  sulphuric 
acid,  calcium  chlorid  and  phosphorus  pentoxid. 

The  last  two  items  in  Table  I  are  the  results  of  the  humidity 
tests.  In  these  tests  the  air  was  passed  through  an  electric  oven 
which^contained  a  large  wetted  surface.     Great  care  was  taken 
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to  pass  the  air  from  the  humidifier  to  the  test  tank  without 
condensation. 

Results 
The  data  curves  of  Fig.  2  express  the  variation  of  temperature 
rise  with  pressure.     The  second  set  of  curves  on  this  figure  was 


TABLE  I 
VARIATION  OP  TEMPERATURE  RISE  WITH  AIR  TEMPERATURE. 

PRESSURE  AND  HUMIDITY. 


Humidity 

Tank  temp. 

Air  temp. 

Coil  temp. 

Temp,  rise 

Pressure 
mm. 

per  cent 
saturation 

deg.  cent. 

deg.  cent. 

deg.  cent. 

deg.  cent. 

732 

0 

17.6 

18 

62.8 

44.8 

17.8 

17.5 

64.0 

46.5 

692 

0 

17.8 

17.5 

65.6 

48.1 

492 

0 

17.8 

17.5 

66.8 

49.3 

392 

0 

17.5 

17.4 

68.3 

50.9 

294 

0 

17.8 

17.5 

71.8 

54.3 

197 

0 

17.8 

17.7 

74.6 

56.8 

127 

0 

17.8 

17.7 

77.5 

59.8 

72 

0 

39.0 

37.8 

80.3 

42.5 

740 

0 

39.0 

37.5 

83.2 

45.7 

600 

0 

39.2 

37.8 

86.5 

48.7 

300 

0 

39.5 

38.0 

91.4 

53.4 

125 

0 

52.2 

60.7 

91.2 

40.5 

732 

0 

52.5 

50.7 

93.5 

42.8 

492 

0 

52  5 

50.5 

96.5 

46.0 

292 

0 

52.7 

51.0 

100.0 

49.0 

152 

0 

53.0 

51.5 

103  3 

51.8 

32 

0 

76.2 

73.5 

110.8 

37.3 

737 

0 

76.0 

73.0 

112.5 

39.5 

497 

0 

76.0 

73  0 

114.6 

41.6 

297 

0 

76  0 

73.0 

116.5 

43.5 

197 

0 

76  0 

73.0 

120.1 

47.1 

67 

0 

82  5 

80.2 

116.25 

36.0 

737 

0 

82.2 

80.0 

114.75 

34  8 

995 

0 

82  0 

79.7 

112.9 

33.2 

1254 

0 

83.0 

80.2 

112.3 

32.1 

1512 

0 

i          18.8 

19.5 

64.4 

44.9 

732 

71 

'          38  5 

38.5 

81.1 

42.6 

741 

95 

derived  from  the  input  curves  of  Figs.  4,  5  and  6  by  drawing 

ordinates  at  three  watts  and  plotting  the  intersections  with  the 

input  curves.     It  will  be  seen  from  the  curves  on  Fig.  2  that  at 

normal  air  pressures  there  is  a  variation  of  temperature  rise 

with  pressure  of  about  1  deg.  per  100  mm.     Assuming  that  from 
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TABLE  II 
VARIATION    OP    TEMPERATURE    RISE    WITH    WATTS    INPUT. 

TEMPERATURE  AND  PRESSURE 


■ 

WatU  input 

Tank  temp. 

Air.  temp. 

Coil  temp. 

Temp,  rise 

Pressure 

mm. 

Total 

deg.  cent. 

deg.  cent. 

deg.  cent. 

deg.  cent. 

297 

0.892 

19.3 

19.6 

30.6 

11.0 

19.4 

19.7 

41.5 

21.8 

297 

1.911 

19.4 

19.9 

57.3 

37.4 

297 

3.53 

19.4 

20.0 

73.0 

53.0 

297 

5.27 

19.6 

20.0 

82.5 

62.5 

97 

5.587 

19.6 

20.1 

68.2 

48.1 

97 

4.107 

19.6 

20.0 

49.0 

29.0 

97 

2  29 

19.6 

20.0 

37.8 

17.8 

97 

1.318 

66.5 

63.8 

77.1 

13.3 

727 

1.558 

66.5 

63.8 

78.0 

12.2 

487 

1.560 

66.5 

63.8 

78.8 

15.0 

287 

1.56 

66.6 

64.0 

79.7 

15.7 

147 

1.563 

66.5 

64.4 

80.9 

16.5 

57 

1.564 

66.7 

64.4 

81.3 

16.9 

17 

1.564 

67.0 

64.5 

92.2 

27.7 

727 

3.428 

66.7 

64.8 

116.7 

51.9 

14 

5.121 

66.5 

64.4 

120.9 

56.5 

54 

5.910 

66.3 

63.9 

117.7 

53.8 

144 

5.915 

66.6 

64.2 

114.8 

50.6 

284 

5.961 

66.6 

64.4 

112.0 

47.6 

484 

5.941 

66.6 

64.4 

98.4 

34.0 

484 

4.045 

46.7 

44.8 

59.8 

15.0 

744 

1.626 

46.7 

45.1 

73.8 

28.7 

744 

3.33 

47.1 

45.3 

99.7 

54.4 

744 

6.837 

47.3 

45.5 

74.4 

28.8 

504 

3.094 

47.5 

45.7 

76.3 

30.4 

304 

3.078 

47.5 

46.6 

79.5 

32.4 

104 

3.082 

47.7 

46.6 

108.7 

61.6 

104 

6.205 

18.7 

19.1 

22  8 

3.9 

737 

0.34 

18.8 

19.1 

32.9 

14.0 

737 

1.34 

18.8 

19.3 

46.1 

26.9 

737 

2.80 

19.4 

19.5 

69.5 

50.1 

737 

5.73 

19.2 

19.4 

72.7 

53.4 

497 

5.67 

19.3 

19.6 

58.4 

39.9 

497 

3.95 

19.3 

19.6 

40.3 

20.8 

497 

1.92 

19.4 

19.7 

29  9 

10  3 

497 

0.895 

67 

64.4 

83.2 

18.8 

724 

2.287 

67 

64.4 

84.2 

19.8 

484 

2.272     . 

67 

64.5 

85.5 

21.0 

284 

2.262 

67 

64.5 

86.8 

22.3 

144 

2.252 

67 

64.7 

88.3 

23.6 

54 

2.246 

67 

64.7 

89.7 

25.0 

14 

2.237 
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three  to  five  watts  input  for  SO  sq.  cm.,  or  from  0.0375  to  0.0625 
watts  per  sq.  cm.,  is  a  practical  range  of  input,  this  variation  seems 
to  be  about  what  would  be  expected  in  stationary  apparatus. 
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According  to  the  Standardization  Rules,  we  have,  for  a  variation 
of  100  mm.  from  760, 


■  =  10  per  cent  correction. 
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Air  teraperatun  30  deg.  cent. 

Assuming  a  temperature  rise  of  40  deg.  cent.,  we  have  40  +  4  => 
44  deg.  rise.  This  correction  is  four  times  as  large  as  the  results 
of  this  test  would  indicate. 
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The  curves  of  Fig.  3  are  derived  from  curves  of  Figs.  2,  4,  5 
and  6.  They  express  the  variation  of  temperature  rise  with  air 
temperature.  These  curves  represent  the  same  range  of  input 
as  do  the  pressure  curves.  The  variation  according  to  these 
curves  is  about  0.15  deg.  per  degree  centigrade  variation  of  air 
temperature,  in  the  opposite  direction  to  that  assumed  in  the 
present  Standardization  Rules. 

The  last  two  items  of  Table  I  are  the  data  for  the  effect  of 
humidity.  These  points  check  the  dry  air  points,  showing  that 
the  effect  of  humidity  Je  negligible  at  normal  temperatures  and 
pressures. 
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Conclusions 
The  temperature  rise  is  a  function  of  the  various  factors  which 
enter  into  the  dissipation  of  heat  through  air.  These  factors 
are  (1)  radiation,  that  is,  a  passage  of  radiant  energy,  (2)  conduc- 
tion and  (3)  convection,  which  is  a  flow  of  warm  air  because  of  de- 
creased density. 

Radiation  can  be  figured  according  to  the  law 
W  ~  Khl  (Ti*  -  r,*)  io-» 
where  K  is  unity  for  a  black  body  and  less  for  any  other,  depend- 
ing upon  the  nature  of  the  heated  surface.     Assuming  0.9  for 
K  for  the  test  coil  and  putting 

Ti   »    Tc,  the  test  coil  temp,  absolute, 
Tt   ~    Ta,  the  air  temp,  absolute. 
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and  taking  the  effective  radiating  area  as  80  sq.  cm.,  the  watts 
radiated  at  various  air  temperatures  and  temperature  rises  * 
were  calculated  and  plotted  in  Figs.  4,  5,  and  6.  These  curves 
express  temperature  rise  as  a  function  of  watts  input  at  various 
surrounding  temperatures,  if  radiation  alone  be  allowed  to  dissi- 
pate the  heat.  These  curves  show,  by  comparison  with  the  data 
curves,  the  importance  of  radiation  in  the  dissipation  of  heat 
from  a  heated  body  in  the  open  air. 

As  has  already  been  stated,  the  results  are  more  or  less  in  error 
because  of  losses  of  heat  through  the  leads,  the  temperature 
gradient,  and  the  irregularity  in  the  area. 
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Heat  is  conducted  through  the  leads  a  distance  depending 
upon  the  rate  at  which  it  is  dissipated  from  the  surface  of  the 
leads,  which,  of  course,  depends  on  the  temperatures  and  the 
nature  and  area  of  the  surfaces.  A  correction  for  this  loss,  as 
can  be  seen,  is  no  simple  matter. 

The  temperature  gradient  being  unknown  causes  an  unknown 
difference  between  the  coil  temperature  as  measured,  and  the 
surface  temperature  upon  which   the  heat  dissipation  depends. 

Whereas  these  difficulties  forbid  derivation  of  physical  laws, 
they  are  sUght  from  the  engineering  standpoint.  A  set  of 
results  which  are  free  from  these  errors  is  very  desirable,  however, 

•See  Table  III. 
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since  the  laws  of  heat  conduction  and  convection  in  air  at  vari- 
ous pressures  are  not  as  yet  well  established.  Furthermore,  the 
entire  problem  of  heat  dissipation  in  air  is  important,  because 
when  the  laws  are  known  electrical  machinery  can  be  so  de- 
signed as  to  maintain  the  most  efficient  system  of  natural  cool- 
ing. 

Tests  which  will  make  possible  a  physical  investigation  of  heat 
dissipation  in  air  are  being  contemplated.  A  brief  outline  will 
be  given  of  the  proposed  method  of  attack. 

It  is  hoped  to  build  such  apparatus  as  to  dispense  with  the 
temperature  gradient,  surface  and  heat  difficulties.  With  this 
apparatus  input  tests  can  be  made.  A  set  of  curves  similar  to 
those  of  Figs.  4,  5  and  6  will  determine  pressure  relations  at  any 
temperature  and  input,  temperature  relations  at  any  tempera- 
ture and  input,  etc.  Furthermore,  radiation  curves  similar  to 
those  on  Figs.  4,  5  and  6  can  be  plotted,  and  by  subtracting  the 
radiation  abscissas  from  the  total  values,  a  second  set  of  ctirves, 
involving  conduction  and  convection  alone,  will  be  the  result. 
Also,  by  drawing  abscissas  through  such  derived  curves  and 
noting  the  intersections,  curves  of  the  variation  of  watts  con- 
ducted and  convected,  as  a  fimction  of  pressure,  can  be  drawn. 
Similarly,  curves  can  be  derived  expressing  the  variation  of 
watts  conducted  and  convected  with  air  temperature.  In  short, 
from  such  a  set  of  data  it  is  possible  to  derive  expressions  of  the 
laws  of  heat  dissipation  in  air. 

Such  data  as  those  just  mentioned  should  be  taken  from  a  siu*- 
face  for  which  radiation  constants  are  well  known.  A  fiuther 
investigation  of  the  effect  of  the  natiu^e  of  the  heat-dissipating 
surface  is  important. 
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LAWS  OF  HEAT  TRANSMISSION  IN  ELECTRICAL 

MACHINERY 


BY  IRVING  LANGMUIR 


Even  in  a  simple  case  of  heat  transmission,  such  as  a  labora- 
tory measurement  of  heat  conductivity,  the  phenomena  involved 
usually  prove  to  be  quite  complicated.  It  is  in  most  cases 
nearly  impossible  to  separate  completely  the  effects  of  conduction, 
radiation  and  convection,  and  therefore  if  quantitative  results  are 
to  be  obtained,  it  becomes  necessary  to  make  an  elaborate  series 
of  corrections,  to  eliminate  the  undesired  factors. 

In  the  case  of  the  flow  of  heat  from  the  interior  of  a  piece  of 
electrical  apparatus  to  the  exterior,  the  problem  is  necessarily 
much  more  complicated  than  in  the  simple  experiment.  Since 
each  of  the  three  factors,  conduction,  radiation,  and  convection, 
are  subject  to  totally  different  laws,  the  effect  of  any  change  in 
conditions  can,  in  general,  be  determined  only  by  considering 
what  part  each  factor  plays  in  the  whole  process  and  how  each 
factor  is  affected  by  the  new  change  in  the  conditions. 

Failure  to  appreciate  the  necessity  of  separating  each  of  these 
factors  has  rendered  the  majority  of  all  investigations  on  heat 
transmission  previous  to  1880  almost  valueless.  Even  today  a 
very  large  number  of  published  results  on  heat  conductivity  and 
surface  emissivity  are  thoroughly  unreliable  from  this  cause. 

It  is  surprising  to  what  extent  the  old  unreliable  data  main- 
tain their  place  in  present  day  hand-books  and  text-books. 
There  is  probably  hardly  a  field  in  which  so  much  care  is  needed 
in  selecting  proper  sources  for  information,  the  literature  being 
full  of  absolutely  contradictory  statements.  For  example,  one 
investigator  concludes  from  his  experiments  that  the  total  heat 
loss  from  small  wires,  heated  to  a  given  temperature,  varies 
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in  inverse  proportion  to  the  diameter,  others  state  that  the  vari- 
ation is  directly  proportional  to  the  diameter,  while  still  others 
find  it  to  be  independent  of  the  diameter. 

If  electrical  engineers  are  to  consider  seriously  the  question 
of  heat  transmission  in  electrical  machinery,  they  must  fully 
realize  the  great  diflference  between  the  three  modes  of  heat 
transmission  and  determine,  first  of  all,  what  part  each  factor 
plays  in  each  of  the  many  types  of  machines. 

In  the  present  paper  the  writer  has  attempted  to  present  in  as 
clear  a  manner  as  possible  the  fundamental  laws  of  conduction, 
radiation  and  convection  of  heat,  and  to  furnish  some  experi- 
mental data  which  may  seem  to  be  of  value  to  the  electrical 
engineer. 

Conduction  of  Heat 

The  problem  of  the  conduction  of  heat  through  solids  was  the 
first  subject  of  mathematical  and  experimental  study  in  the  de- 
velopment of  the  theory  of  heat.  Fourier  and  others  developed 
the  mathematical  theory  long  before  there  were  any  reliable 
experimental  data  by  which  they  could  test  their  conclusions. 

Fourier  considered  especially  the  problem  of  the  rate  of  heating 
of  a  body  capable  of  conducting  heat.  To  solve  this  problem, 
he  invented  special  mathematical  methods  which  are  now  studied 
under  the  head  of  Fourier's  Series.  Because  of  the  extreme  com- 
plexity of  this  subject,  mathematical  analysis  does  not  promise, 
for  the  present,  to  be  of  much  value  to  the  electrical  engineer. 
We  shall  therefore  limit  ourselves  to  the  simpler  problem  of  the 
steady  flow  of  heat  which  prevails  after  sufficient  time  has  elapsed 
for  the  temperature  through  the  apparatus  to  become  constant. 

For  this  case  of  steady  heat  flow  through  solids,  the  general 
law  may  be  stated 

W  =  ^k  (T  -  To)  (1) 

where  W  =  Watts  of  heat  flow. 

A  =  Area  of  cross-section  of  path  of  heat  flow. 
/  =  Length  of  heat  path. 

k  =  Coefiicient  of  heat-conductivity  expressed  in  watts 

per  cm.  per  deg. 

T  —  To  =  Difference  of  temperature  causing  the  heat  flow. 

Heat  Conductivity  of  Solids.    The  heat  conductivity,  k,  of  solid 

bodies  varies  greatly  for  different  substances,  ranging  from  4.2 

watts  per  cm.  per  deg.  cent,  for  pure  silver  to  0.0016  for  such 

substances  as  rubber.    The  conductivity  of  finely  divided  solids, 
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fibrous  materials,  powders,  etc.,  is  very  much  less  than  that  of 
homogeneous  solids.  The  best  heat  insulators  known,  such  as 
eider-down,  have  a  conductivity  as  low  as  0.00020  watts  per  cm. 
per  deg.  cent. 

Unfortunately,  all  the  materials  used  for  electric  insulation 
are  relatively  poor  heat  conductors.  Especially  when  the  insula- 
tion contains  air  spaces,  as  in  the  case  of  braided  coverings,  the 
conductivity  is  very  low. 

In  Table  I  the  writer  has  collected  together  all  of  the  reliable 
data  he  has,  by  careful  search,  been  able  to  find  on  the  conduc- 
tivity of  such  materials  as  are  of  interest  to  the  electrical  engi- 
neer. 

TABLE    I 
Thermal  Conductivities  and  Resistivities  of  Various  Materials. 


Materials 


Uetcls 

Pure  copper 

Commercial  copper 

Pure  iron 

Steel  1  per  cent  C 

Cast  iron 

Transformer  steel  4  per  cent  Si ... . 

Brass 

German  silver  30  per  cent  Ni. 

Constantan  60  Cu.  40  Ni 

Calorite  65  Ni.  15  Pe  13  Cr.  7  Mn . . 
Mineral  St^stancts 

Graphite 

Marble 

Slate 

Glass 

Quarts  glass 

Porcelain 

Instdaiing  MaUricls 

Shellac. . .  T 

Para  rubber 

Gutta  percha 

Paraffin 

Ebonite 

Paper 

Asbestos  paper 

Varnished  cotton  tape 

Varnished  cambric 

Mica  paper 

Bakelite  and  linen  tape 

Rubber  tape 

Varnished  cloth  (empire  cloth) 

Presspahn  (untreated) 

Rope  paper  (untreated) 

Rope  pax>er  and  oil 

Rope  paper  treated  with  varnish.. . 

PuUerboard  varnished 

mica 


Temp,  deg, 
cent. 


18 
18 
18 
18 
100 
20-250® 


18 
20-260« 


(Conductivity 
watts  per  cm, 
per  deg.  cent. 


3.84 
3.50 
0.67 
0.45 
0.40 
0.32 
1.30 
0.28 
0.29 
0.16 

3.57 

0.030 

0.020 

0.011 

0.015 

0.010 

0.0025 
0.0016 
0.0020 
0.0026 
0.0018 
0.0013 
0.0025 
0.0027 
0.0025 
0.0016 
0.0027 
0.0043 
0.0025 
0.0017 
0.0012 
0.0014 
0.0017 
0.0014 
0  0036 


Resistivity 


References 


0  260 

2 

0.285 

2 

1.49 

2 

2.22 

2 

3.12 

1 

0.77 

1 

3.6 

1 

3.5 

2 

6.2 

1 

0.28 

11 

33 

3 

50 

3 

90 

4 

67 

10 

100 

5 

400 

4 

620 

3 

500 

3 

390 

3 

550 

4 

770 

3 

400 

3 

370 

6 

400 

6 

630 

6 

370 

6 

230 

6 

400 

590 

830 

710 

690 

710 

280 
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TABLE  ,1 — ConUnued, 


Insulating  Materials 

Built-up  mica  Micanite  (19  per  cent 

shellac) 

Built-up  mica  Micanite  (11  percent 

shellac) 

Linen  tape  varnished  and  baked 

MiscManeous  MaUrials 

Cotton  batting,  loose 

■  •         tightly  packed 

Pure  woolen  wadding,  loose 

*  *  *  packed  slightly 
Pure  woolen  wadding.tightly  packed 
Eider  down,  very  loose 

*  *  tightly  packed .... 


Soft  white  pine  L  to  grain. 
Liquids 

Water  26  deg.  cent 

Paraffin  oil 

Glycerin  25  deg.  cent 

Petroleum  23  deg.  cent 

Gas$s 

Air  at  20  deg.  cent 

•  •    100  deg.  cent 


Apparent 
density 

grams  per. 
cu.  cm. 


0.21 

0.10 

0.016 

0.064 

0.192 

0.0022 

0.077 

0.11 


Conductivity 


0.0010 

0.0012 
0.0016 

0.00046 
0.00030 
0.00049 
0.00036 
0.00023 
0.00046 
0.00025 
0.00019 
0.0016 


Resistivity   References 


0.0057 

176 

0.0014 

710 

0.0024 

410 

0.0016 

630 

0.000249 

4010 

0.000300 

3330 

1000 

830 
670 

2200 
3400 
2040 
2800 
4400 
2200 
4100 
5200 
640 


4 
8 
4 
8 

9 
9 


Rbfbrbncbs: — 1.  C.  P.  Randolph,  Research  Lab.,  General  Electric  Co.  (1912).  2.  Jftger 
ft  Diesselhorst,  Wiss.  Ahl.  d  Phys.  Techn.  Reichanstalt.  3. 269  (1900).  3.  Lees.  Phil.  Trans 
(A)  183,  481  (1892).  4.  Lees.  Phil.  Trans.  A  191,  399  (1898).  6.  Lees  and  Chorlton. 
Phil.  Mag.  (6).  41.  495  (1896).  6.  Technical  Report  No.  10940.  General  Electric  Com- 
pany, by  C.  P.  Steinmetz  (1910).  Experiments  carried  out  by  J.  L.  R.  Hayden.  7. 
Paper  on  Heat  Paths  in  Electrical  Machinery  read  before  the  Institution  of  Electrical 
Engineers.  Nov.  1911  by  H.  D.  Symons  and  M.  Walker.  8.  R.  Weber.  Ann.  Phys.,  11. 
1047(1903).  9.  Langmuir.  Pliy5. /;«v.  34.  406  (1912).  10.  A.  Eucken.  Ann.  Phys.  34. 
185  (1911).     11.  Koenigsberger  and  Weiss,  Ann.  Phys.  35.  1  (1911). 


In  the  above  table  it  will  be  noted  that  all  the  metals  and  alloys 
have  a  very  high  thermal  conductivity  compared  with  that  of  non- 
metallic  substances  (with  the  exception  of  graphite) .  Practically 
all  of  the  electrical  insulators  have  a  conductivity  about  one- 
thousandth  of  that  of  copper.  The  conductivities  of  various  sub- 
stances of  any  one  type  do  not  differ  very  greatly  from  one  an- 
other ;  for  example,  the  range  of  conductivities  of  organic  materials 
used  for  electrical  insulation  is  from  about  0.0015  to  0.0040. 
The  presence  of  air  spaces  in  a  body  very  much  decreases  the 
conductivity,  as  is  seen  for  the  extremely  low  conductivities  of 
such  materials  as  wool,  cotton  batting,  etc.  That  this  high 
thermal  resistance  is  entirely  due  to  the  presence  of  gas,  is  evident 
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from  the  fact  that  these  materials  are  relatively  good  conductors 
when  placed  in  an  atmosphere  of  hydrogen. 

In  the  case  of  powdered  or  fibrous  materials,  the  heat  conductiv- 
ity is  practically  independent  of  the  true  conductivity  of  the 
solid  substance  forming  the  grains  or  fibers.  For  example,  finely 
divided  metallic  powders,  such  as  zinc  dust  or  tungsten  reduced 
by  hydrogen  from  finely  divided  oxide,  are  extremely  good  heat 
insulators,  although  the  material  itself  is  a  good  heat  conductor. 

The  conductivity  of  liquids  is  quite  low,  and  is  in  most  cases 
very  insignificant  compared  with  the  amount  of  heat  carried 
through  the  liquid  by  convection  currents.  The  figures  given 
above  for  liquids  can  be  used  only  for  liquids  through  which  heat 
is  being  transmitted  downwards,  or  in  the  case  where  the  liquid 
is  held  in  the  meshes  of  some  fibrous  material  such  as  cloth.  This 
is  a  common  case,  however,  in  electrical  insulation. 

The  heat  conductivity  of  gases  is  smaller  than  that  of  solids 
and  liquids. 

Temperature  Coefficient  of  Heat  Conductivity.  Pure  metals, 
although  they  have  a  large  temperature  coefiicient  of  electrical 
conductivity,  have  a  thermal  conductivity  which  is  practically 
the  same  at  all  temperatures.  Alloys  have  a  conductivity  which 
usually  increases  somewhat  with  the  temperature,  the  temperature 
coefficient  being  never  greater  than  about  0.1  per  cent  per  degree 
cent.,  and  usually  much  less  than  this.  In  electrical  machinery, 
therefore,  with  the  relatively  small  temperature  range  involved, 
we  may  consider  the  thermal  conductivity  as  independent  of  the 
temperature. 

In  the  case  of  pure  crystalline,  non-metallic  substances, 
Eucken  {Ann,  d  Physik,  Vol.  34,  p.  185,  1911)  has  shown  that  the 
thermal  conductivity  varies  approximately  in  inverse  proportion 
to  the  absolute  temperature.  In  other  words,  the  temperature 
coefficient  of  such  substances  is  usually  about  — 0.33  per  cent 
per  deg.  cent. 

The  same  investigator  has  also  shown  that  with  amorphous, 
non-metallic  substances,  like  glass,  the  conductivity  increases 
slightly  with  increase  of  temperature,  the  temperature  coefficient 
being  about  +0.15  per  cent  per  deg.  cent.  Such  substances 
as  paraffin,  ebonite,  etc.,  are  found  to  have  practically  no  tem- 
perature coefficient. 

Tests  made  by  Mr.  C.  P.  Randolph  have  shown  that  for 
powdered  pr  fibrous  materials  the  temperature  coefficient  of  heat 
conductivity  is  very  large.     For  example,  measurements  of  the 
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heat  conductivity  of  Poplox  at  various  temperatures  up  to  500 
deg.  cent,  gave  the  results: 

Heat  Conductivity 

Range  of  temperature  Watts  per  cm.  per  deg.  cent. 

20  -    100  0.00030 

100  -   200  0.00039 

200   -  300  0.00067 

300-400  0.00076 

400  -  500  0.00133 

This  material  (popped  water  glass)  had  an  apparent  density 
of  0.026  and  contained  air  cells  of  about  0.5  mm.  average  di- 
ameter. The  large  temperature  coefficient  is  caused  by  radiation 
across  the  walls  of  the  air  cells  which  is  relatively  large  at  high 
temperatures  but  almost  negligible  at  room  temperature.  Below 
100  deg.  cent,  the  temperatiire  coefficient  for  powdered  and 
fibrous  materials  may  be  taken  as  +  0.3  per  cent  for  materials 
with  a  coarse  structure  and  proportionately  less  for  finer  structure. 

In  the  case  of  gases,  the  mobility  and  the  coefficient  of  thermal 
expansion  are  so  great  that  convection  becomes  very  large.  It 
was  thought  for  a  long  time  that  gases  had  no  true  conductivity. 
Maxwell,  however,  calculated  the  conductivity  from  the  kinetic 
theory,  and  predicted  that  it  would  be  independent  of  the  pres- 
sure. His  results  have  since  been  thoroughly  verified.  To  avoid 
convection  currents,  it  is  only  necessary  to  reduce  the  pressure  of 
the  gas  to  a  value  of  several  centimeters  of  mercury.  At  lower  pres- 
sures the  heat  conductivity  is  found  to  be  entirely  independent  of 
the  pressure,  down  to  a  pressure  of  one  mm.  When  the  pressure  be- 
comes much  less  than  this,  the  free  path  of  the  molecules  begins 
to  become  comparable  with  the  length  of  the  path  along  which 
the  heat  is  conducted.  At  still  lower  pressiu"es,  the  heat  conduc- 
tivity becomes  proportional  to  the  pressure.  It  is  evident  that  the 
pressure  at  which  the  change  from  one  of  these  laws  to  the  other 
takes  place  is  inversely  proportional  to  the  length  of  the  path  of 
heat  flow.  In  the  case,  therefore,  where  we  have  the  space  sub- 
divided by  the  presence  of  a  fibrous  material,  we  find  that  the 
heat  conductivity  does  not  remain  constant  down  to  such  low 
pressures  as  one  millimeter,  but  may  even,  with  very  finely 
divided  materials,  decrease  with  decreasing  pressure,  from 
atmospheric  pressure  down.  This  subject  has  been  very  fully 
treated  by  Smoluchowski  [Anz,  Akad.  Wiss.  Krakau  (1910)  A 
129-153). 

In  the  case  of  the  heat  conduction  of  gases,  we  find  there  is  a 
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large  temperature  coefficient  of  heat  conductivity.    It  has  been 
thoroughly   proven  that  Sutherland's  formula 


k=-^-^V^  (2) 


very  accurately  represents  the  change  in  conductivity  with  the 
temperature.  Here  K  is  a.  constant,  c»  is  the  specific  heat  of  the 
gas  at  constant  volume  and  c  is  a  constant  equal  to  124  for  air. 
In  general,  when  k  is  a  function  of  the  temperature,  we  cannot 
use  equation  (1)  to  calculate  the  heat  conduction  through  a 
given  body.  It  can  be  shown,  however,  [Langmuir,  Phys,  Rev. 
Vol.   34,  p.  406   (1912)  ],  that  if  we  substitute  for  the  factor 

k  (r  —  To)  the  integral  I   kdT  we  are  then  able  to  calculate  the 

To 

heat  conduction,  no  matter  how  much  the  heat  conductivity  may 
vary  with  the  temperature.  For  such  cases  as  these,  the  results 
can  be  calculated  most  easily  by  calculating  or  plotting  the  values 

of  the  integral  I   k  d  7".     If  we  represent  by  0  the  value  of  this 

0 

integral,  which  we  may  call  specific  conduction,  then  the  formula 
for  heat  conductivity  becomes 

W^  =  -y-  (0  -  0o)  (8) 

Heat  Conduction  through  Bodies  of  Various  Shapes 

Equations  (1)  or  (3)  can  be  used  only  for  the  heat  conduction 
between  parallel  planes.  In  other  cases,  A  and  /  are  both  vari- 
ables, and  the  proper  mean  values  must  be  determined,  by  special 
methods. 

No  matter  what  the  shape  of  the  body,  the  ratio  — j —    has  a 

definite  value,  if  the  surfaces  of  in-flow  and  out-flow  of  the  hea^ 
are  fixed.    Let  us  call  this  quantity  the  **  shape  factor,"   ana 
represent  it  by  the  letter  s.    Our  equation  for  heat  conduction 

thus  becomes 

W^  =  ^  (0  -  0o)  (4) 
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The  value  of  the  shape  factor  for  bodies  of  various  shapes  may 
be  of  interest.  In  a  paper  to  be  published  shortly  (Langmuir, 
Adams,  and  Meikle,  Trans,  Am.  Electrochem,  Soc,  Vol.  24, 1913), 
methods  for  calculating  the  shape  factor  of  bodies  of  many  differ- 
ent shapes  will  be  given.  The  following  cases  only  are  worthy  of 
considering  here: 

Planes 

A 


s  = 


/ 


Concentric  Cylinders  of  Diameters  a  and  b. 


In  — 
a 


Concentric  Spheres  of  Diameters  a  and  b. 


a  b 


Concentric  Rectangular  Prisms  or  Parallelopipedons.  For  this 
case,  the  following  formula  applies  with  great  accuracy  to  the 
flow  of  heat  where  the  thickness  of  the  heat-conducting  material 
between  the  two  surfaces  is  constant  and  where  the  thickness  of 
the  layer  is  not  more  than  2J  times  the  smallest  dimension  of  the 
prism,  a  condition  nearly  always  fulfilled  in  practise.  The  formula 
is 

5=  -p-  +  i2/+1.2/  (7) 

Here  /  is  the  thickness  of  the  layer  of  conducting  material,  Z  / 
is  the  stun  of  the  length  of  the  12  edges  of  the  innec  prism,  and  A 
is  the  total  surface  of  the  inner  prism. 

Radiation  of  Heat 

Dulong  and  Petit  (1817)  gave  an  empirical  formtda  for  heat 
radiation  which  has  been  used  very  largely  by  engineers  almost 
up  to  the  present  date. 
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The  Stephan-Boltzman  law  that  the  radiation  from  a  black 
body  is  proportional  to  the  fourth  power  of  the  absolute  tempera- 
ture has  been  shown  to  be  derivable  from  the  second  law  of 
thermodynamics,  and  has  withstood  the  tests  of  very  careful 
experimental  investigation.  We  may  therefore  look  upon  this 
law  as  being  one  of  the  exact  laws  of  nature.  It  must  be  re- 
membered, however,  that  it  applies  only  to  radiation  from  a 
so-called  black  body ;  that  is,  a  body  which  absorbs  all  heat  rays 
which  fall  on  it.  Such  a  body  can  only  be  approximately  realized, 
and  any  actual  body  must  radiate  less  heat  than  an  ideal  black 
body  at  the  same  temperature. 

The  Stephan-Boltzman  law,  as  applied  to  the  radiation  from 
any  given  body,  may  be  written 


[(i^)"  -  &] 


W  =  5.7  e 


Here,  W  is  the  energy  in  watts  radiated  per  square  centimeter 
of  surface.  T  is  the  temperature  of  the  hot  body,  and  Tq  the 
temperature  of  the  siurounding  space,  e  we  may  call  the  relative 
emissivity  of  the  body;  it  is  always  a  number  less  than  unity 
and  is  a  characteristic  property  of  the  radiating  body. 

The  radiation  constant,  5.7,  is  subject  to  some  uncertainty 
at  present.  For  several  years,  the  commonly  accepted  value  was 
5.32,  which  was  the  restdt  obtained  by  Kurlbaum  {Wied.  Am. 
65,  746,  1898).  Recently,  however  (1909),  F^ry  obtained  a 
value  6.3.  Since  then  many  investigators  have  redetermined  this 
constant.  Paschen  and  Gerlach  (Ann.  d  Physik,  Vol.  38,  p.  30, 
1912)  obtained  the  value  5.9.  Shakespeare  (Proc.  of  the  Roy.  Soc, 
Vol.  86A,  p.  180,  1911)  obtained  5.67.  Within  the  next  year  or  so 
the  correct  value  of  this  constant  will  undoubtedly  be  determined. 
For  the  present,  it  would  seem  almost  certain  that  the  value 
5.32  is  too  low,  and  that  the  value  5.7  must  be  fairly  close  to  the 
true  value. 

The  radiation  of  heat  differs  from  conduction  and  also  convec- 
tion in  that  it  is  a  purely  surface  phenomenon.  The  amount  of 
heat  radiated  is  strictly  proportional  to  the  extent  of  the  surface, 
and  is  independent  of  the  presence  of  gas  adjacent  to  the  surf^. 
From  bodies  that  are  not  black,  the  heat  radiated  from  cavities 
in  the  bodies  has  a  greater  intensity  than  that  radiated  from  a 
flat  surface,  for  the  reason  that  from  such  a  cavity  there  is  not 
only  the  heat  radiated  from  the  bottom  of  the  cavity,  but  also 
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that  reflected  by  the  bottom  surface  from  the  walls  of  the  cavity^ 
The  above  equation  for  radiation  therefore  applies  only  for  heat 
that  comes  directly  from  a  siuiace,  and  not  for  that  which  has 
been  reflected  from  the  surface.  In  general,  however,  this  factor 
is  not  a  difficult  one  to  take  into  account  in  the  consideration  of 
heat  radiation. 

The  most  difficult  question  involved  is  the  determination  of  the 
relative  emissivity  e.  For  clean  polished  surfaces  of  metals  this 
quantity  is  small,  ranging  from  0.02  to  0.30.  For  non-metallic 
substances  it  is  usually  very  much  larger  than  this,  ranging  from 
about  0.3  up  to  about  0.9.  The  following  table  gives  the  values 
of  e  calculated  by  the  writer  from  measurements  made  by  C.  P. 
Randolph.  A  detailed  description  of  these  measurements  will  be 
published  in  the  Transactions  of  the  Am.  Electrochem.  Soc., 
Vol.  23,  1913. 

TABLE    II 

Copper,  oxidized  by  heating  to  a  red  heat 0. 74 

Copper,  calorized;  that  is,  surface  impregnated  with  A 1 0.27 

Silver,  pure,  polished 0 .  03 

Cast  iron,  fresh  machined  surface 0. 25 

Cast  iron,  oxidized  by  heating  to  red  heat 0 . 65 

Aluminum  paint  on  cast  iron 0 .  47 

Gold  enamel  on  cast  iron 0 .  39 

Monel  metal ,  i>olished 0 . 40 

Monel  metal,  oxidised 0 .  45 

The  relative  emissivities  from  highly  polished  metal  surfaces 
can  be  calculated  from  the  reflectivity  of  the  surface  for  heat 
rays,  the  emissivity  and  reflectivity  being  complementary  to 
each  other.  That  is,  the  emissivity  is  equal  to  1  —  r  where  r  is 
the  reflectivity.  There  is  a  considerable  amount  of  data  in  the 
literature  on  the  reflectivities  of  metals  for  heat  rays.  However, 
it  has  been  shown  by  Hagen  and  Rubens  {Ann.  d  Physik,  Vol. 
8,  p.  1,  1902)  that  the  relative  emissivity  may  be  calculated  by 
the  fonnula 

1  ^  r  =  <j  =  0.365  ^  -~  (9) 

where  0  is  equal  to  the  specific  electrical  resistivity  in  ohms- 
centimeter  units  at  the  temperature  of  the  metal  and  X  is  equal 
to  the  wave  length  of  the  radiant  energy  in  centimeters. 

Recent  investigations  have  shown  that  this  formula  is  very 
accurate  for  wave  lengths  exceeding  0.005  mm.  in  length.  The 
average  wave  length  of  the  light  corresponding  to  any  given 
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temperature  is,  according  to  Wien's  radiation  law,  approximately 

0  29 

-jr-  cm.    If  we  substitute  this  in  the  above  equation,  we  obtain 

the  value  

e  =  0.68  VTr  (10) 

This  equation  enables  us  to  calculate  the  relative  emissivity 
for  any  highly  polished  metal  up  to  about  500  or  600  deg.  cent. 
However,  because  of  surface  oxidation,  the  emissivity  will  nearly 
always  be  much  larger  than  this,  except  with  such  metals  as 
silver,  platinum,  and  gold. 

Organic  substances,  such  as  oils,  varnishes,  resinous  materials, 
have  a  very  high  emissivity ;  that  is,  between  0.8  and  1 .  Although 
in  the  visible  spectrum  these  bodies  are  transparent,  they  are 
practically  black  bodies  as  regards  the  long  heat  rays  that  are 
involved  in  the  radiation  from  bodies  at  ordinary  temperature. 
The  same  is  true  of  glass,  this  being  practically  a  black  body  with 
respect  to  heat  rays.  Therefore,  in  calculating  the  amount  of 
radiation  from  electrical  insulating  materials,  we  may  very  safely 
assume,  whether  these  materials  have  a  black  color  or  a  much 
lighter  color,  that  they  are  nearly  black  bodies,  as  far  as  radiation 
is  concerned. 

The  Temperature  Coefficient  of  Radiation.  For  small  differences 
of  temperature,  equation  (8)  may  be  written 

W  =  0.0228  e  (i^)   {T  -  To)  (11) 

We  thus  see  that  the  amount  of  radiation  between  two  bodies 
having  a  given  difference  of  temperature,  increases  in  proportion 
to  the  third  power  of  absolute  temperature.  This  means  that  the 
temperature  coefficient  of  radiation  between  two  bodies  differing 
only  slightly  in  temperature,  is  +  1.0  per  cent  per  deg.  cent.  This 
is  at  least  three  times  greater  than  the  temperature  coefficient 
of  heat  conduction  through  solids  or  even  gases. 

Convection  of  Heat 

The  transmission  of  heat  through  liquids  or  gases  takes  place 
principally  by  means  of  currents  set  up  in  the  fluid  because  of 
differences  of  density  produced  by  the  unequal  heating.  The 
amount  of  heat  carried  by  convection  depends  on  the  velocity  of 
the  convection  currents  and  also  on  the  specific  heat  of  the  fluid. 
The  currents  are  produced  by  the  differences  in  density  between 


312  LANGMUIR:  HEAT  TRANSMISSION  [Feb.  26 

the  fluid  in  contact  with  a  hot  body  and  in  contact  with  the  cold 
body.  This  difference  will  be  proportional  to  the  coefficient  of 
thermal  expansion  and  also  proportional  to  the  density  of  the 
fluid  itself.  The  currents  produced  by  these  differences  of  density 
have  to  act  against  the  force  of  viscosity,  thus  the  more  viscous 
the  fluid,  the  lower  will  be  the  velocity  of  the  currents.  We  may 
therefore  say,  in  a  general  way,  that  the  amoimt  of  heat  carried 
by  convection  will  be  roughly  proportional  to  the  product  of 
specific  heat,  density,  and  expansion  coefficient,  and  will  be 
aproximately  inversely  proportional  to  the  viscosity  of  the  fluid. 

From  the  very  nature  of  convection,  we  would  hardly  expect 
it  to  obey  such  simple  laws  as  those  of  radiation.  It  will  depend 
upon  the  shape  of  the  hot  body,  the  distance  between  the  hot 
body  and  the  cold  body,  and  upon  each  of  the  factors  mentioned 
in  the  paragraph  above. 

There  have  been  a  great  many  investigations  made  of  the  laws 
of  convection  of  heat,  especially  in  gases.  Dulong  and  Petit,  in 
1817,  derived  several  empirical  laws  which  have  been  more  or 
less  verified  over  rather  narrow  ranges  of  temperature  by  P&let, 
(1860).  These  laws  are  today  used  in  many  engineering  hand- 
books as  best  representing  the  knowledge  of  convection  of  heat. 
Within  the  last  thirty  years,  however,  much  more  valuable  work 
has  been  done,  and  we  now  know  that  the  formulas  of  Dulong 
and  Petit  are  only  rough  approximations. 

Lorenz  {Ann.  d  Physik,  Vol.  13,  p.  582,  1881)  derived  formulas 
for  the  convection  of  heat  from  vertical  plane  surfaces,  making, 
however,  certain  rather  arbitrary  assumptions.  He  obtained  the 
formula 


w.  =  0.548  \(^^^(^2  -  ro^/* 


(12) 


where  Wc  =  Heat  convection  per  unit  surface. 

c  =  Specific  heat  of  the  gas  at  constant  pressure. 

k  =  Its  thermal  conductivity. 

h  =  Its  viscosity. 

r  =  Its  average  temperature. 

p  =  Its  average  density. 

g  =  Gravitational  constant. 
T2  =  Temperature  of  plane  surface. 
Ti  =  Temperature  of  the  gas  at  a  great  distance  from  the 

plane. 
H  »  Height  of  the  plane. 
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Putting  in  the  data  for  air,  at  room  temperature,  27  deg.  cent, 
and  standard  atmospheric  pressure,  this  equation  reduces  to 

W,  =  0.000399  H-^  {T2  -  Ti)^^^  (13) 

where  Wc  is  expressed  in  watts  per  sq.  cm.,  and  H  is  in  cm. 

This  equation  agrees  well  (within  five  per  cent)  with  the  re- 
sults calculated  by  the  writer  from  the  experimental  results  of 
C.  P.  Randolph  on  the  convection  of  heat  from  disks  of  metal 
7i  in.  (19  cm.)  in  diameter.  It  is  very  probable,  from  the 
method  of  derivation  of  this  equation,  that  the  influence  of  the 
height  of  the  plane  on  convection  is  not  as  great  as  indicated  by 
the  term  -fT*  in  the  equation. 

Boussinesq  (Comptes  Rendus,  132,  1382,  1901)  has  treated  the 
mathematical  theory  of  free  convection  and  obtained  formulas 
similar  in  form  to  those  of  Dulong  and  Petit.  In  a  later  paper 
{Compies  Rendus f  133,257, 1901)  he  develops  the  theory  of  forced 
convection  from  plane  siu^aces  as  well  as  from  cylinders,  spheres 
and  ellipsoids.  In  all  such  calculations  the  simplifying  assump- 
tions that  need  to  be  made  render  it  necessary  to  subject  the 
formulas  to  very  careful  experimental  test  before  much  reliance 
can  be  placed  upon  them. 

Compan  [Ann.  Chim.  phys.  (7)  26, 488  (1902)  J  has  made  elabo- 
rate experiments  on  free  convection  from  a  copper  sphere  two  cm. 
in  diameter  placed  in  hollow  concentric  spheres  of  various 
sizes.  He  worked  at  pressures  ranging  from  a  few  thousandths 
of  a  mm.  up  to  six  atmospheres.  He  varied  the  temperature 
of  the  small  sphere  from  300  deg.  down  to  50  deg.  He  found 
that  over  this  whole  range  of  temperature  and  for  pressures 
above  20  cm.,  the  convection  varied  with  the  1.233  power  of  the 
temperature  difference  and  with  the  0.45  power  of  the  pressure. 

Ayrton  and  Kilgour  [Phil.  Trans.  1892,  abstract  in  Proc.  Roy 
Soc.  50,  166  (1891)  ]  have  made  elaborate  investigations  of  the 
heat  losses  in  air  from  very  fine  platinum  wires  [0.0012  to  0.014  inch 
(0.03  to  0.35  mm.)  in  diameter]  at  temperatures  from  room 
temperature  up  to  300  deg.  cent.  Their  results  were  expressed 
in  tables  and  empirical  formulas  only. 

They  found  that  the  heat  loss  from  the  wires  was  nearly  in- 
dependent of  the  diameter  of  the  wires. 

Porter  (Phil.  Mag.,  Vol.  39,  p.  267,  1895)  pointed  out  that  this 
practical  independence  of  the  convection  from  the  diameter  of 
the  wire  may  be  accounted  for  by  assuming  that  the  heat  is 
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carried  from  the  wire  principally  by  conduction.  He  derives  some 
equations  with  three  empirical  constants,  which  agree  excellently 
with  Ayrton  and  Kilgour's  results.  However,  he  obtained  values 
for  the  radiation  from  the  wire  and  for  the  conductivity  of  the 
air  which  were  totally  different  from  those  which  we  now  know 
to  be  the  true  values.  His  formulas  must  be  looked  upon,  there 
fore,  practically  as  empirical  formulas. 

A.  Russell  [PhU.  Mag.  20,  591,  (1910)]  recalculated  the  results 
of  Boussinesq  (loc.  cit.)  and  put  them  in  a  practical  form.  These 
are  purely  theoretical  equations  which  give  the  heat  lost  by  con- 
vection from  cylinders  and  planes  in  currents  of  gases  or  liquids. 

The  writer  {Phys.  Rev.,  Vol.  34,  p.  401,  1912)  showed  that  the 
free  convection  of  heat  from  small  wires  consisted  essentially  of 
conduction  through  a  film  of  gas  of  definite  thickness.  It  was 
shown  experimentally  that  the  thickness  of  the  film  is  independent 
of  the  temperature  from  100  deg.  cent,  up  to  the  melting-point 
of  platinum.  The  thickness  of  this  film  depends  on  the  diameter 
of  the  wire,  but  in  such  a  way  that  it  may  be  calculated  with  no 
other  data  than  the  diameter  of  the  wire  and  the  diameter  which 
the  gas  film  would  have  in  the  case  of  convection  from  a  plane 
surface.  To  calculate  the  heat  lost  by  convection  from  any  wire, 
all  that  is  required  is  to  know  the  coefficient  of  heat  conductivity 
of  the  gas  and  the  thickness  of  this  gas  film  for  a  plane  surface, 
this  latter  being  a  constant  quantity  characteristic  for  a  gas  at 
any  given  temperature  and  pressure. 

It  was  shown  [Langmuir,  Transactions,  A.  I.  E.  E.,  p.  1229 
(1912)]  that  the  formulas  derived  from  this  film  theory  agreed  ex- 
cellently with  the  experimental  data  of  Kennelly  (Transactions 
A.  I.  E.  E.,  Vol.  28,  p.  363,  1909)  on  the  convection  of  heat  from 
small  copper  wires  in  air  at  various  pressures  and  in  air  moving 
at  different  velocities. 

In  the  following  pages  the  writer  has  attempted  to  give  the 
principal  laws  for  the  convection  of  heal  under  the  different  con- 
ditions which  influence  it. 

Free  Convection.  The  film  theory  of  convection  makes  it  pos- 
sible to  calculate  the  convection  from  plane  surfaces,  from 
cylinders  or  wires  of  any  diameter,  and  from  spheres. 

In  the  case  of  plane  surfaces,  the  heat  lost  by  convection  is 
calculated  simply  by  considering  that  there  is  a  layer  of  air 
4.3  mm.  thick,  adhering  to  the  stirface,  and  through  which  the 
heat  has  to  be  carried  by  conduction.  It  must,  of  course,  be 
remembered  that  in  addition  to  this  heat  loss  by  convection,  there 
is  the  heat  lost  by  radiation. 
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This  film  theory  fully  explains  the  fact  that  for  wires  of  very 
small  diameter  the  heat  lost  by  convection  is  nearly  independent 
of  the  diameter.  This  follows  from  the  shape  factor  (see  equation 
5)  for  concentric  cylinders,  since  the  logarithm  of  a  number 
varies  only  slowly  as  the  number  increases. 

The  amount  of  convection  from  the  surface  differs  only  slightly, 
whether  the  surface  is  placed  vertically  or  horizontally.  With  a 
surface  placed  in  the  latter  position,  so  that  it  is  exposed  to  the 
air  above  it,  the  heat  lost  by  convection  is  about  10  per  cent 
greater  than  when  the  surface  is  placed  vertically.  With  the 
surface  horizontal,  but  inverted  so  that  it  must  lose  its  heat  down- 
ward through  the  air,  the  heat  lost  by  convection  is  naturally 
considerably  less.  For  a  7J-in.  (19-cm.)  disk,  placed  in  this 
position,  the  heat  loss  was  actually  found  to  be  only  50  per  cent 
of  the  heat  lost  when  the  surface  is  placed  vertically. 

The  amount  of  convection  from  a  surface  probably  does  not 
depend,  to  any  great  extent,  on  the  nature  of  the  surface.  At 
least,  so  far  as  the  writer  knows,  there  is  no  trustworthy  experi- 
mental evidence  that  the  surface  has  any  influence. 

It  is  a  surprising  fact  that  between  the  temperatures  100  and 
500  deg.  cent,  the  convection  calcidated  from  the  film  theory 
as  above  outlined,  gives  nearly  identical  results  with  those  cal- 
culated by  Lorenz's  formula  (see  equation  12).  At  temperatures 
above  500  deg.  cent.,  both  for  convection  from  plane  surfaces  and 
from  wires,  the  convection  calculated  from  the  film  theory  agrees 
better  with  the  experimental  facts  than  that  calculated  from 
Lorenz's  formula.  At  temperatures  much  below  50  deg.  the  two 
formulas  begin  to  diverge  quite  widely.  The  film  theory  would  in- 
dicate that  the  convection  would  fall  off  practically  linearly  as  the 
temperattire  difference  decreases;  whereas,  according  to  Lorenz's 
equation,  the  temperature  would  be  pro])ortional  to  the  5/4th 
power  of  the  temperature  difference.  This  would  mean  that  for 
very  slight  differences  of  temperatures — for  example,  5  or  10 
deg. — that  Lorenz*s  equation  would  give  very  much  lower  results 
than  would  be  obtained  from  the  calculation  from  the  film  theory. 

To  decide  which  of  these  two  theories  would  give  the  correct 
result  for  very  small  temperature  differences,  will  require  careful 
experimental  investigation.  Probably  the  bulk  of  the  evidence 
at  present  is  in  favor  of  Lorenz's  equation. 

It  should  be  pointed  out  that  there  is  no  theoretical  reason 
known  why  the  thickness  of  the  film  should  remain  constant,  as 
the  temperature  of  the  wire  or  plane  varies.    This  is  simply  an 
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experimentally  determined  fact  at  temperatures  above  100  deg. 
cent.  It  is  quite  possible  that  for  very  small  temperature  differ- 
ences, the  film  thickness  might  become  greater.  In  any  case,  how- 
ever, the  variation  in  the  film  thickness  down  to  temperature 
differences  as  low  as  30  deg.,  would  not  be  important  in  most 
calculations  of  heat  convection. 

Effect  of  Pressure  on  Free  Convection.  The  heat  conductivity 
of  gases  is  independent  of  the  pressure.  According  to  the  film 
theory,  therefore,  the  effect  of  pressure  on  the  amount  of  heat 
convection  would  depend  simply  upon  the  effect  of  pressure  on  the 
film  thickness,  which  we  will  call  B,  Theoretically,  it  would  be 
very  difficult  to  determine  exactly  what  this  effect  would  be. 
But  it  is  certain  that  as  the  density  of  the  gas  decreases  by  the  re- 
duction of  pressure,  the  thickness  of  the  film  B  would  increase ; 
not  necessarily  in  inverse  proportion  to  the  pressure,  however. 

From  Kennelly's  data  the  writer  foimd  that  B  varied  in  inverse 
proportion  to  the  0.75  power  of  the  pressiu^e.  From  some  recent 
experiments  with  small  wires  in  air,  over  a  wide  range  of  pressure, 
the  writer  finds  that  B  varies  more  nearly  in  inverse  proportion 
to  the  first  power  of  the  pressure.  From  small  wires,  however,  the 
amount  of  heat  convection  depends  only  slightly  upon  the  di- 
ameter of  the  film.  In  these  experiments,  therefore,  it  is  very  diffi- 
cult to  find  accurately  the  law  according  to  which  the  film  thick- 
ness varies  with  the  pressure.  As  the  size  of  the  wire  decreases, 
the  convection  becomes  less  and  less  sensitive  to  pressure  changes. 

For  the  effect  of  pressure  on  the  convection  from  plane  surfaces, 
there  is  only  very  meagre  experimental  data.  Compan,  in  study- 
ing the  convection  from  spheres  2  cm.  in  diameter,  concludes  that 
the  convection  varies  with  the  0.45  power  of  the  pressure.  Ac- 
cording to  Lorenz's  equation,  the  amountof  convection  from  plane 
surfaces  would  be  proportional  to  the  0.5  power  of  the  pressure. 
This  would  be  equivalent  to  saying  that  B  varies  in  inverse  pro- 
portion to  the  0.5  power  of  the  pressure. 

To  decide  exactly  how  convection  varies  with  pressure,  we 
require  further  experimental  work  on  plane  surfaces  in  air  at 
various  pressures.  Provisionally,  it  is  probably  safe  to  say  that 
for  the  convection  from  plane  surfaces  or  wires,  the  value  of  B 
is  inversely  proportional  to  the  0.5  power  of  the  pressure. 

Effect  of  Temperature  on  Free  Convection.  From  experiments 
by  the  author  on  convection  from  platinum  wires  in  air  at  various 
temperatures  from  —  180  up  to  700  deg.  cent.,  it  would  appear 
that  the  film  thickness  for  a  plane  surface  is  approximately  pro- 
portional to  the  absolute  temperature. 
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The  temperature  coefficient  of  heat  convection  for  small  wires 
will  simply  depend  on  the  temperature  coefficient  of  the  heat 
conductivity  of  the  air,  since  in  this  case  the  amount  of  heat  con- 
vection depends  so  slightly  on  the  film  thickness.    From  Suther- 
land's equation  (2)  it  may  be  shown  that  in  the  neighborhood  of 
room  temperattire,  the  heat  conductivity  of  air  increases  approx- 
imately in  proportion  to  theO.76  power  of  the  absolute  temperature. 
This  would  mean  that  the  temperature  coefficient  of  heat  conduc- 
tivity at  room  temperature  is  -|-  0.25  per  cent  per  degree,  and  this 
-wrould  be  the  temperature  coefficient  of  heat  convection  from 
the  wire. 

In  other  words,  more  energy  would  be  required  to  maintain  a 
i?wire  at  a  given  temperature  elevation  above  its  surroundings,  the 
g^reater  the  temperature  of  the  surroundings. 

It  is  quite  different  with  the  convection  of  heat  from  plane  sur- 
faces. Here,  the  convection  depends  not  only  on  the  heat  con- 
ductivity of  the  air,  but  also  on  the  thickness  of  the  film.  Since 
tlie  latter  varies  proportionally  to  the  temperature,  the  amount 
of  convection  from  plane  surfaces  will  be  proportional  to 

Tt).76 

t --.    7^-0.24 

T 

111  other  words,  the  temperature  coefficient  of  the  heat  convec- 
tion will  be  —  0.08  per  cent  per  deg.  cent.  From  plane  surfaces 
tlie  convection  with  a  given  temperature  difference  decreases 
slightly  with  increasing  air  temperature. 

Lorenz's  equation  would  lead  to  the  temperature  coefficient  of 
—  0.37  per  cent  per  degree,  for  convection  from  plane  surfaces. 
Forced  Convection.     The  effect  of  air  currents  on  convection  is 
>-^ery  great,  as  is  well  known.      However,  the  air  currents  that 
Occur  in  an  ordinary  room,  at  some  distance  from  the  windows, 
Viave  only  very  slight  effect  on  the  convection  from  wires  and 
p>lane  siuiaces  heated  to  several  hundred  degrees.     By  placing 
a.  few  large  screens  around  the  body,  very  consistent  results  are 
obtained.     With  higher  wind  velocities,  such  as  those  obtained 
by  placing  an  electric  fan  close  to  the  body,  the  amount  of  con- 
vection, both  from  plane  surfaces  and  from  wires,  increases  about 
four-fold.    Measurements  with  an  anemometer  showed  the  wind 
velocity  in  this  case  to  be  about  400  cm.  per  second. 

Kennelly  has  investigated  the  effect  of  wind  velocity  on  con- 
vection from  small  wires,  and  has  found  that  the  amount  of  con- 
vection varies  approximately  in  proportion  to  the  square  root 
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of  the  velocity.    For  velocities  from  300  to  1800  cm.  per  second, 
he  finds  that  the  convection  is  proportional  to  the  quantity 


^ 


v  +  25 


25 


That  is,  the  convection  of  any  given  wind  velocity  can  be  cal- 
culated from  the  velocity  in  quiet  air  by  multiplying  by  the  above 
factor.  From  some  very  rough  experiments  by  the  writer,  on 
convection  from  plane  surfaces  and  also  from  some  calculations 
from  published  data  (see  article  in  Trans.  Am.  Electrochem.  Soc., 
Vol.  23,  1913,)  the  amount  of  convection  is  again  found  to  vary 
with  the  square  root  of  the  velocity,  and  the  above  factor  is 
found  to  be 


^ 


t;  +  33 


33 


Compan,  in  his  experiments  on  spheres,  finds  that  the  convec- 
tion varies  with  the  square  root  of  the  vdocity.  Boussinesq  has 
also  arrived  at  the  same  conclusion  from  theoretical  calculations. 

From  Kennelly's  results,  the  writer  drew  the  conclusion  that 
the  film  thickness  varied  inversely  as  the  0.75  power  of  the 
velocity.  This  gave  results  agreeing  well  with  Kennelly's  data, 
but  it  has  been  found  that  the  film  thickness,  in  the  case  of  forced 
convection  from  plane  surfaces,  is  very  different  from  that  found 
for  small  wires  in  wind  of  the  same  velocity.  This  fact  renders 
the  film  theory  almost  useless  in  cases  of  forced  convection. 

The  best  single  equation  for  the  calculation  of  convection  of 
wires  is  probably  an  equation  calculated  by  Russell  {loc.  cU.)  by 
the  method  first  given  by  Boussinesq.    This  equation  is 


W  =8  ^ 


^P^^^'.^T.-TO  (14) 


27r 


where  W  =  Convection  loss  per  unit  of  length  from  the  cylinder. 

c  =  Specific  heat  of  the  gas  or  liquid  at  constant  pressure. 

p  =  Density  of  the  fluid. 

k  =  Heat  conductivity. 

V  =  Velocity. 

a  =  Diameter  of  the  cylinder. 
Ti  —  Ti  =  Difference  of  temperature  between  the  cylinder  and 

the  fluid. 


1913)  LANGMUIR:  HEAT  TRANSMISSION  319 

If,  in  this  equation,  instead  of  the  coefficient  8  in  front  of  the 
radical  sign,  we  place  5  or  6,  we  find  that  the  restdts  agree  well 
^th  Kennelly's  experimental  data.  On  the  other  hand,  for  large 
cylinders  from  2  to  10  cm.  in  diameter,  the  formula  gives  good 
results  with  the  coefficient  between  .7  and  8. 

In  the  case  of  forced  convection  in  air  at  room  temperature, 
equation  (14)  reduces  to 

W  =  0.000180  C  V  Va{T2  -  Ti)  watts  per  cm.         (16) 

'where  c  is  the  number  that  varies  from  5  to  8,  according  to  the 
size  of  the  wire,  as  described  above. 

From  equation  (14)  we  can  calculate  that  with  a  given  differ- 
ence of  temperature  and  given  wind  velocity,  the  amount  of 
convection  would  vary  with 

y/  7^-1+0.76 

Tliis  would  mean  that  forced  convection  under  these  conditions 
"^rould  have  a  temperature  coefficient  of  —  0.04  per  cent  per 
degree;  that  is,  with  a  given  difference  of  temperature,  the 
amount  of  convection  would  decrease  slightly  as  the  temperature 
^  the  air  increases. 

If  the  velocity  of  the  air  is  produced  by  centrifugal  force,  as 
it  often  is  in  electric  machinery,  the  velocity  of  the  air  currents 
>vill  probably  decrease  as  the  air  temperature  increases,  since  the 
density  decreases  and  the  viscosity  increases.  The  effect  of  this 
"Would  be  to  make  the  temperature  coefficient  numerically  still 
greater. 

If  the  convection  currents  are  caused  by  flue  action  (for  ex- 
«tmple,  because  of  heat  given  to  the  air  in  long  passages),  this 
effect  will  be  still  more  marked,  so  that  the  temperature  coeffi- 
cient will  be  strongly  negative. 

In  problems  on  convection  of  heat,  the  flue  action  is  often  very 
important.     For  example,  in  studying  the  convection  from  a 
"horizontal,  plane  disk,  7J  in.  (19  cm.)  in  diameter,  we  find  that 
if  we  place  a  cylinder  of  asbestos  paper  about  10  in.  (25  cm.) 
in  diameter  and  6  in.  (15  cm.)  high,  around  the  disk,  the  convec- 
tion is  nearly  doubled  when   the  disk  is  at   about    150  deg. 
At  higher  temperatures  the  effect  of  the  cylinder  becomes  re- 
latively much  less.    By  observing  the  motion  of  smoke  in  the  air 
above  the  heated  disk,  it  is  seen  that  the  air  descends  along  one 
side  of  the  cylinder,  moves  across  the  disk,  and  rapidly  rises 
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along  the  other  side  of  the  cylinder.  In  general,  with  vertical 
surfaces  of  considerable  height,  any  means  of  preventing  horizontal 
air  currents  from  flowing  in  towards  the  middle  portion  of  the 
surface  will  tend  to  increase  the  convection,  since  it  causes  the 
air  to  be  drawn  over  the  low^r  portion  of  the  surface  with  very 
much  increased  velocity.  However,  if  such  flues  as  are  made  in 
this  way  are  too  long,  the  convection  again  tends  to  decrease, 
since  the  air  that  comes  in  contact  with  the  upper  part  of  the 
surface  is  already  heated  by  flowing  along  the  lower  part  of  the 
surface,  and  is  therefore  capable  of  taking  up  very  little  ad- 
ditional heat. 

The  whole  subject  of  flue  action  in  convection  is  as  yet  very  little 
understood,  and  should  be  the  subject  of  fiuther  careful  experi- 
mental investigation. 

Convection  in  Liquids,  The  convection  in  Uquids,  in  principle, 
at  least,  does  not  differ  radically  from  that  in  gases.  However, 
the  velocity  of  the  currents  set  up  is  very  much  less  than  in  the 
case  of  gases,  but  because  of  the  very  great  heat  capacity  of 
liquids  per  unit  volume,  as  compared  with  gases,  the  amoimt  of 
heat  carried  by  convection  is  usually  much  greater  than  with 
gases.  The  effect  of  the  viscosity  is  usually  of  much  more  im- 
portance than  in  the  convection  of  gases. 

The  viscosity  of  liquids,  as  a  rule,  decreases  very  rapidly  with 
increase  in  temperature,  so  that  the  temperature  coefficient  of 
free  convection  in  oil  is  always  positive  and  has  a  very  large  value, 
but  differs  greatly  for  different  oils. 

In  oil-cooled  transformers,  the  importance  of  this  effect  was 
clearly  pointed  by  S.  E.  Johannesen  (The  Effect  of  Different  Air 
Temperatures  on  Temperatiire  Rise  of  Electrical  Apparatus, 
The  Rose  Technic,  Rose  Polytechnic  Insitute,  Terre  Haute,  Ind., 
Nov.,  1904).    To  quote  from  this  article: 

It  is  well  known  that  a  transformer  immersed  in  thin  oil  will  run  cooler 
than  one  immersed  in  thick  oil,  all  other  conditions  being  the  same, 
and  further,  a  transformer  immersed  in  paraffin  (poured  while  hot  and 
allowed  to  solidify)  would  burn  out  if  operated  at  a  room  temperature  of 
0  deg.  cent.,  and  there  would  even  be  danger  if  it  were  operated  in  a  room 
having  a  normal  temperature;  but  when  immersed  in  a  light  oil  and  run 
in  a  room  having  a  normal  temperature  of  even  say  35  deg.  cent.,  it  would 
operate  within  safe  heat  limits.     This  experiment  has  been  tried. 

Specific  heat  of  liquids  differs  very  little  at  different  temperatures,  their 
power  to  absorb  heat  being  approximately  the  same  at  any  temperature 
within  the  working  range  of  electrical  apparatus.  Therefore,  the  effi- 
ciency of  a  liquid  acting  as  a  cooling  medium  (when  confined)  depends 
upon  its  ability  to  flow,  assuming  that  the  points  of  absorption  and  dissi- 
patioD  are  equally  efficient. 
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The  table  below  is  given  as  an  illustration  to  show  approximately  the 
heat  which  would  be  dissipated  at  various  room  temperatures,  and  fairly 
represents  results  of  a  heat  run  of  a  100-kw.,  60-cycle,  2000- volt,  oil-in- 
sulated, self-cooling  transformer. 

Room  tern-  Actual  tern-  Loss  at  max. 

perature  perature  rise  temp,  rise,  watts 


5  deg.  cent.  60  deg.  cent.  1154 

25       •  50       «  1191 

35       «  45       •  1210 

He  points  out  for  the  class  of  oil-cooling  apparatus  that  the 
Institute  rule  does  not  apply,  as  it  gives  a  correction  which  is  in 
the  wrong  direction. 

Combined  Effects  of  Radiation,  Convection  and  Conduc- 
tion 

The  heat  lost  by  surfaces  is  equal  to  the  sum  of  the  heat 
radiated  and  the  heat  carried  by  convection.  It  may  be  of  in- 
terest to  calculate  the  relative  magnitude  of  these  two  effects 
under  various  conditions.  For  a  surface  only  slightly  above 
room  temperature  in  air  at  20  deg.  cent.,  we  may  calculate  the 
heat  lost  by  convection  by  determining  the  amoimt  of  heat  that 
would  be  conducted  through  a  layer  of  air  4.3  mm.  in  thickness. 
For  one  degree  temperature  difference  the  heat  carried  through 
such  a  film  would  be  equal  to  the  heat  conductivity  of  the  air, 
*.  e.,  0.00025,  divided  by  the  thickness  of  the  film  in  centimeters. 
This  gives  0.00059  watt  per  sq.  cm.  per  deg.  cent,  as  the  convec- 
tion from  a  body  in  the  neighborhood  of  room  temperature. 

For  a  body  at  100  deg.  cent.,  taking  a  mean  conductivity  over 
this  range  as  0.000275,  we  find  in  a  similar  way  the  convection 
to  be  0.00064  watt  per  sq.  cm.  per  deg.  cent. 

From  equation  (11)  the  radiation  from  a  black  body  only 
slightly  above  room  temperature  (20  deg.  cent.)  is  0.00057  watt 
per  sq.  cm.  per  deg.  cent.  From  equation  (8),  considering  the 
radiation  from  a  black  body  at  100  deg.  cent,  in  siUTOundings  of 
20  deg.  cent.,  we  find  the  radiation  to  be  0.00086  watt  per  sq. 
cm.  per  deg.  cent. 

The  total  loss  of  heat  from  a  surface  will  be  simply  equal  to 
the  sum  of  the  convection  and  radiation.  For  most  purposes, 
it  is  more  convenient  to  deal  with  surface  resistivities,  rather 
than  with  surface  conductivities.  The  resistivities  are  obtained 
by  taking  the  reciprocal  of  the  sum  of  the  radiation  and  convec- 
tion.    In  the  following  table  are  given  the  surface  resistivities 
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of  plane  surfax^es,  in  three  different  positions,  vertical,  horizontal 
with  exposed  surface  above,  and  horizontal  with  exposed  surface 
below.  In  each  case  the  resistivity  at  20  deg.  and  at  100  deg.  is 
given.  Also,  the  resistivity  for  the  case  of  a  body  which  does  not 
radiate  any  heat,  and  the  resistivity  for  a  body  radiating  as  much 
as  a  black  body.  Any  actual  body  will,  of  course,  have  a  resistivity 
which  lies  between  these  two  extremes. 

There  are  some  cases  where  the  radiation  of  heat  does  not 
play  any  part  in  the  heat  loss  from  surfaces.  For  example,  in 
the  interior  of  machines  the  circulation  of  air  may  carry  away 
heat,  yet  no  heat  will  be  lost  by  radiation.  In  this  case,  the  sur- 
face resistance  will  be  independent  of  the  nature  of  the  surface 
and  will  be  that  given  in  the  table  for  a  case  of  no  radiation. 

The  effect  of  air  circulation  will  always  be  to  cut  down  the 
surface  resistance,  but  even  with  relatively  high  wind  velocities, 

TABLB  III 
SURFACE  RESISTIVITIES  OF  PLANE  SURFACES 


Position 

20  deg.  cent. 

100  deg.  cent 

VtrticoT 

No  radiation 

1700 
860 

1540 
820 

3400 
1150 

1560 
670 

1430 
640 

3100 
850 

Full  radiation 

HoriaonUU.  exposed  above 

No  radiation 

Pull  radiation 

Horizontal,  exposed  below 

No  radiation 

Pull  radiation 

this  effect  will  never,  cut  it  down  to  less  than  about  one-fifth  of 
its  value  with  no  wind. 

Another  important  case,  where  the  effects  of  radiation  and  con- 
vection need  to  be  separated,  is  in  determining  surface  losses  from 
a  piece  of  apparatus  in  a  room  in  which  the  walls  are  at  a  differ- 
ent temperature  from  the  air.  It  is  readily  seen  that  if  the  aver- 
age temperature  of  the  walls  of  a  room  is  10  deg.  above  the  tem- 
perature of  the  air  surrounding  the  piece  of  apparatus  in  the 
room,  the  apparatus  will  receive  heat  by  radiation  which  it  must 
give  up  by  convection.  Since  at  room  temperature  radiation  and 
convection  are  about  equally  effective  in  removing  the  heat  from 
a  body  which  is  a  good  radiator,  it  is  evident  that  the  machine 
will  reach  a  temperature  which  is  about  half  way  between  that 
of  the  air  and  that  of  the  walls;  that'is,  the  temperature  of  the 
surface  of  the  machine  will  be  about  five  deg.  above  that  of  the 
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air  surrounding  it.  Similarly,  if  the  walls  are  colder  than  the 
air,  the  machine  will  have  a  temperature  lower  than  the  air. 
It  will  be  readily  appreciated  that  this  effect  is  by  no  means 
n^ligible,  since  the  walls  of  a  room  are  often  10  deg.  warmer  or 
colder  than  the  air.  For  example,  the  roof  may  be  heated  by  the 
sun's  rays  and  the  air  in  the  whole  upper  part  of  the  room  may 
be  very  warm,  whereas  the  air  in  the  lower  part  of  the  room  may 
be  very  much  colder.  Placing  paper  or  cheese-cloth  screens 
around  the  machine  will  almost  completely  prevent  this  difference 
of  temperature  of  the  air  and  machine. 

As  we  have  seen,  small  bodies,  such  as  wires,  take  up  the  tem- 
perature of  the  air  very  much  more  readily  than  large  bodies, 
and  therefore  this  effect  of  radiation  from  the  walls  will  be 
negligible  in  the  case  of  wires. 

We  have  seen  that  the  combined  effect  of  radiation  and  con- 
vection is  equivalent  to  that  of  a  surface  resistance  which  may 
vary  from  about  600  to  1700.  This  resistance  is  equivalent  to 
that  of  a  layer  of  from  23  to  65  meters  of  copper  or  to  a  layer 
of  from  1  to  3  cm.  of  rubber. 

In  calculations  of  the  flow  of  heat  through  apparatus  it  is 
usually  most  convenient  to  determine  the  thermal  resistance  of 
the  solid  parts  and  simply  add  the  surface  resistance.  If  we  then 
multiply  the  result  by  the  number  of  watts  of  heat  flow  we  obtain 
the  total  drop  in  temperature  from  the  outside  of  the  machine 
to  the  air  surrounding  it.  Of  course  in  actual  machines  it  will 
usually  be  very  difficult  to  calculate  the  thermal  resistance  of  the 
solid  parts.  In  any  case,  however,  a  knowledge  of  the  relative 
importance  of  the  various  factors  will  be  a  long  step  towards  the 
S'ilution  ot  the  problem. 


A  P^per  prtstnUd  at  thg  Midwinter  Conven- 
tion of  the  American  Institute  of  Electrical 
Engineers,  Sew  York,  February  26,  1913. 

Copyright.  1913.    By  A.  I.  E.  E. 


CURRENT  RATING  OF  ELECTRIC  CABLES 


BY   RALPH   W.   ATKINSON   AND  H.    W.   FISHER 


At  the  request  of  the  Standards  Committee  this  paper  has  been 
prepared,  the  object  being  to  present  data  relative  to  the  carrjring 
capacity  of  cables,  which  will  be  of  value  to  engineers  and  users 
of  cables.  Especial  attention  is  called  to  Table  I  (to  be  explained 
later)  which  gives  data  relative  to  the  overload  capacity  of  cables 
which  have  been  working  at  different  percentages  of  the  normal 
carr>'ing  capacity.  This  question  comes  up  frequently,  engineers 
asking  what  per  cent  of  overload  can  be  applied  to  different 
cables.  The  per  cent  of  such  overload  must  of  course  depend 
upon  the  per  cent  of  normal  load  at  which  the  cable  has  been 
operating  for  several  hours  previous  to  the  application  of  the 
overload.  It  is  hoped  that  the  formulas  presented  will  be  of 
value  to  engineers  who  have  to  deal  with  the  subject  under  con- 
sideration. 

The  current  rating  of  an  electric  cable  depends  entirely^'upon 
allowable  heating,  and  is  often  more  dependent  upon  or  limited 
by  external  conditions  than  upon  conditions  intrinsic  in  the 
cable  itself.  On  account  of  the  extreme  variability  of  these 
external  conditions,  the  current  rating  of  any  given  cable  may  be 
reduced  to  a  half  or  a  third,  or  even  a  small  fraction  of  its  normal 
rating.  The  time  during  which  a  cable  may  carry  any  given 
per  cent  overload  is  shorter  than  the  time  during  which  most 
other  electrical  apparatus  can  carry  the  same  per  cent  overload. 
The  allowable  overload  for  any  given  duration  of  time  depends 
simply  upon  the  rate  at  which  the  cable  will  be  heated  to  its  limit- 
ing temperature.  This  is  much  more  dependent  upon  the 
properties   of  the  cable   itself,  than   is  the  ultimate    carrying 

capacity. 
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Very  many  formulas  have  been  given  as  representing  the  carry- 
ing capacity  of  cables,  beginning  with  the  old  rules  which  allow 
a  certain  number  of  circular  mils  per  ampere.  There  is  only  one 
simple  formula  connecting  the  carrying  capacity  of  conductors 
of  different  cross-sectional  area  which  we  have  found  useful  and 
acciu-ate.  For  nearly  all  conditions,  it  may  be  stated  that  the 
carrying  capacity  varies  as  the  1.3  power  of  the  diameter  of  the 
equivalent  solid  conductor. 

We  will  first  discuss  the  limiting  temperature.  When  insulating 
material  is  maintained  at  an  excessive  temperature,  the  first 
noticeable  permanent  change  is  in  brittleness.  It  is  sometimes 
important  that  this  is  true  and  that  the  first  change  is  not  in 
dielectric  strength  or,  in  fact,  in  tensile  strength.  A  cable  will 
sometimes  work  satisfactorily  long  after  the  insulation  is  badly 
injured  by  overheating,  but  only  as  long  as  it  is  undistiu^bed. 
The  insulation  of  most  non-rubber-insulatcd  cables  will  stand  a 
temperature  of  150  deg.  cent,  for  a  very  brief  time  without 
apparent  permanent  injury.  If  this  temperature  is  maintained 
for  more  than  a  very  short  time,  a  matter  of  minutes,  permanent 
injury  results. 

The  limiting  temperature  is  very  much  lower  than  this  when 
it  is  maintained  for  a  long  period.  To  insure  that  progressive 
deterioration  does  not  take  place,  the  maximum  temperature  has 
been  set  by  some  as  65  deg.  cent,  and  by  others  at  75  deg.  For 
rubber,  the  temperature  limit  is  lower  and  has  been  set  at  50 
deg.  cent.  For  high- voltage  cables,  6000  volts  working  pressure 
and  above,  another  factor  must  be  considered.  The  dielectric 
loss  increases  rapidly  at  the  higher  working  temperatures,  thus 
causing  material  additional  heating.  By  some  it  has  been  said 
that  the  dielectric  strength  is  much  less  at  high  temperatures, 
but  we  believe  that  this  opinion  was  conceived  because  of  the 
greater  dielectric  loss  at  high  temperatures.  A  temperature  limit 
of  50  deg.  cent,  has  been  named  as  the  limit  for  high- voltage 
fibrous  insulated  cables.  We  believe  that  a  temperature  of  65 
deg.  cent,  will  not  injure  paper-insulated  cables,  but  the  increasing 
dielectric  loss  with  increasing  temperature  must  be  considered 
and  no  exact  rule  can  be  given,  as  some  insulating  materials 
have  a  very  considerably  lower  dielectric  loss  at  high  tempera- 
tiures  than  others.  We  most  earnestly  hope  to  hear  a  thorough 
discussion  of  this  question. 

The  temperature  rise  of  a  cable  may  be  considered  to  be  made 
up  of: 
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1 .  The  rise  of  copper  above  lead. 

2.  The  rise  of  lead  above  immediate  surroundings. 

3.  The  rise  of  temperature  of  the  surroundings  due  to  the 
presence  of  the  cables  in  the  neighborhood. 

It  is  only  by  an  analysis  of  these  elements  that  a  general  knowl- 
edge of  temperature  rise  under  all  conditions  can  be  obtained 
without  experiment  under  any  specific  conditions  for  which  in- 
formation is  desired.  We  intend  to  devote  our  attention  to  the 
first  two  elements  of  temperature  rise  in  the  present  paper,  these 
being  the  ones  which  are  most  nearly  independent  of  variable 
external  conditions.  (For  data  concerning  the  other  conditions 
we  would  refer  to  a  paper  read  before  the  British  Institution  by 
Melsom  and  Booth  in  1911.  This  paper  also  contained  reference 
to  a  number  of  others.  We  would  refer  also  to  pages  213,214  and 
215  of  Foster's  "  Electrical  Engineer's  Handbook,"  these  data 
"being  based  upon  former  experiments  by  one  of  the  authors). 
AVe  will  take  up  individually  the  two  elements  to  be  considered. 

The  rise  of  copper  above  lead  is  equal  to 

t\  =  no  log  D/a  — ?•  T> ^^^^'  cent. 

'^^  here  D/d  is  the  ratio  of  the  inside  diameter  of  the  lead  sleeve 
Xo  the  outside  diameter  of  the  copper  conductor. 
/  is  the  current  flowing  in  the  conductor. 
C.  M.  is  the  cross-sectional  area  of  the  cable  in  circular  mils. 
b  is  an  empirical  *'  constant  ''  which  depends  upon  the 
kind  of  insulation  and  somewhat  upon  the  tempera- 
ture.     For  practical    purposes,  it  may  be  taken,  for 
either  paper-insulated    or    varnished-cloth -insulated 
cables,  as  0. 1 5.    (See  below  for  value  for  triplex  cable.) 
n  is  the  number  of  conductors. 
This  formula  may  be  applied  directly  to  the  case  of  concentric 
cables  simply  by  adding  the  temperature  rise  from  copper  to 
copper  and  from  copper  to  lead,  remembering  that  the  heat  from 
two  or  from  three  conductors  must  pass  through  the  outer  layer 
of  insulation. 

For  flat  duplex  cables,  the  temperature  rise  may  be  taken  as 
about  15  per  cent  greater  than  that  of  a  single-conductor  cable 
with  the  same  thickness  of  insulation.  For  triplex  or  round 
duplex  cables  we  can  use  this  formula  if  we  use.  for  d,  the  diameter 
of  the  circle  circumscribing  the  three  conductors.    We  must  also 
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use  a  different  value  of  "  constant."     By  experiment,  this  has 
been  found  to  be  from  0.16  to  0.185,  the  latter  value  being  for 
cables  where  the  insulation  is  very  thin,  relative  to  the  size  of  the 
conductor. 
The  rise  of  lead  above  air  or  surrounding  objects  is 

PX  1000     , 
ti  =  n  a      J   ^   mr —  deg.  cent. 
di  C.  M. 

Where  di  is  the  outside  diameter  of  the  lead  sheath  in  inches  a 
may  be  taken  as  0.06.  This  value  applies  where  a  clean  bright 
lead  sheath  is  suspended  in  free  air.  The  value  of  a  changes 
considerably  with  the  size  of  the  sheath,  being  less  when  the 
diameter  is  small.  Preventing  the  natural  circulation  of  air, 
increases  a,  while  even  a  slight  forced  circulation  decreases  it 
materially.  A  rough,  black  coating  on  the  lead  will  also  reduce 
the  value  of  a.  For  a  flat  duplex  cable,  use  the  formula  as  for  a 
single  conductor  and  increase  the  temperature  rise  of  cable  about 
20  per  cent. 

It  is  very  interesting  that  the  temperature  rise  of  a  cable  is 
very  nearly  the  same,  regardless  of  the  thickness  of  insulation. 
This  is  because  the  change  of  the  rise  of  lead  above  air  counter- 
balances the  change  in  the  rise  of  copper  above  lead  when  the 
thickness  of  insulation  is  changed.  Moreover,  the  experiments 
upon  the  rise  in  temperature  of  cables  in  air,  of  which  these 
formulas  are  an  expression,  show  practically  the  same  temperature 
rise  for  a  cable  suspended  freely  in  air  as  previous  experiments 
show  for  a  cable  of  the  same  kind  laid  in  a  duct  system,  no  other 
cables  being  present.  The  table  on  page  215  in  the  previously 
mentioned  section  of  Foster's  Handbook  may  be  used  directly  to 
give  the  carrying  capacity  of  a  three-conductor  cable  in  free  air 
when  the  permissible  temperature  rise  is  45  deg.  cent.  The  values 
should  be  increased  one-third  for  single-conductor  cables.  Thus 
we  see  that  not  always  do  wide  variations  materially  affect  the 
carrying  capacity  of  cables. 

The  temperature  rise  of  a  bare  conductor  in  free  air  follows 
a  very  simple  and  easily  derived  law  very  closely.  We  may  neglect 
the  variation  of  a  number  of  factors,  the  variation  in  the  specific 
heat  and  in  the  proportionality  between  heat  radiated  and  tem- 
perature difference,  and  may  even  neglect,  for  most  practical  pur- 
poses, the  variation  in  the  resistance  of  the  copper.  The  effect 
of  the  last-  named  variation  is  in  the  opposite  direction  from  that  of 
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each  of  the  others  and  accordingly  is  very  nearly  counterbalanced 
by  them.  Tests  show  that  the  following  law  is  quite  closely 
obeyed : 

X  =  T-  ^  or  e^  ^  (10)'«/2  3  = 


r-  .r 


X  is  the  rise  in  temperature  after  /  minutes. 
T    is  the  temperature  which  would  be  attained  by  the  cable 
after  an  infinite  time,  supposing  in  the  calculation  of  this  tempera- 
ture that  the  same  factors  mentioned  above  are  constant  until 
the  temperature  is  reached. 


a   = 


temperature  rise  per  minute  at  the  beginning 
ultimate  temperature  rise 


(^^F-)'  X  ^^, 


snd  is  constant  for  a  given  conductor. 

e    is  the  base  of  the  Napierian  system  of  logarithms. 

This  same  type  formula  can  be  applied  to  insulated  cables  if 
^'e  introduce  an  empirically  determined  constant,  one  which  can 
l)e  partly  verified  by  theory. 

The  formulas  then  become 


^/T    _.    (\ff\ta/2.2r      -_ 


The  constant  r  represents  the  ratio  between  the  heat  which  is 
stored  in  the  entire  cable  and  the  heat  which  is  stored  in  the 
copper. 

The  constant  r  varies  with  different  styles  of  insulation  and 
with  their  thickness  relative  to  size  of  conductor.  It  also  varies 
in  the  same  cable,  according  to  the  time  which  is  given  for 
heat  to  penetrate  into  the  insulation. 

The  constant  r  varies  from  practically  one,  with  a  very  thin 
insulation,  to  three  or  more  in  a  cable  having  a  very  small  con- 
ductor with  thick  insulation.  Based  upon  this  formula  and 
empirically  determined  values  for  r,  we  have  calculated  Table  I 
given  herewith. 

To  determine  the  time  during  which  a  three-conductor  cable 
may  carry  a  given  per  cent  overload,  use  the  table  as  for  a  single- 
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conductor  cable  having:  twice  the  cross-section  area.  For  a  two- 
conductor  cable  use  the  table  as  though  for  single-conductor 
cable  of  50  per  cent  greater  cross-section. 

This  table  applies  equally  as  well  when  the  rating  of  a  cable  is 
changed  by  a  change  of  temperature  limit  or  by  a  change  of  initial 
temperature.  The  change  in  time  for  which  an  overload  may  be 
carried,  caused  by  different  thickness  of  insulation,  will  seldom 
be  important.     We  have  assumed  in  making  the  tables  that 


TABLE  I 
OVERLOAD  CARRYING  CAPACITIES  OF  CABLES 


No.  6  B.  &  S.  gage 

No.  4  B.  &  S.  gage 

No.  2  B.  &  S.  gage 

No.  0  B.  &  S.  gage 

A 
Per 

80%     50%      0% 

80%     50%      0% 

80%     50%      0% 

80%     50%      0% 

Time  in  minutes 

Time  in  minutes 

Time  in  minutes 

Time  in  minutes 

cent 

200 

0.6       1.3       1.8 

0.8       1.6      2 

1           2.2       2.9 

1.5       3.1       4.5 

175 

0.9       2           2.7 

1.2       2.5       3 

1.5       32       4.5 

2.3       5           6  5 

150 

1.6       3.2       4.5 

2           4           5.5 

2.7       5.5       7 

4           8.5     10 

125 

3.5       7           8.5 

4.5       9         11 

6         12         15 

9         16         20 

No.OOOB.&.S.gagr 

300.000  cir.  mil. 

."iWJ.OCM)  cir.  mil. 

700,000  cir.  mil. 

80%.     50%      0%. 

80';;,    50%     0% 

80%    50%     or;. 

80%     50%      0%. 

Per 

cent 

Time  in  minutes 

Time  in  minutes 

Time  in  minutes 

Time  in  minutes 

200 

2.1       4.5       6 

3  2       7  5       9  5 

5         10         13 

6         12         15 

175 

3.2       6.5       9 

5         11          13 

7         14         17 

8.5     16         22 

150 

5.5     12         15 

9         16         20 

12         21         26 

14         26         33 

125 

13         23         28 

18         31          39 

23         40         45 

28         50         60 

1.000,000  cir.  mil. 

1,200.000  cir.  mil. 

1,500,000  cir.  mil. 

2.000.000  cir.  mil. 

80%,     60%      0% 

80%     50%'    0% 

80%     50%      0% 

80%     50%      0% 

Per 

crtit 

Time  in  minutes 

Time  in  minutes 

Time  in  minutes 

Time  in  minutes 

200 

7  5     15         19 

8  5     17         22 

11         21         26 

12         24         30 

175 

1 1          22         27 

13         25         31 

16         30         36 

18         34         40 

150 

18         33         41 

20         37         45 

2.")           46           fyf) 

28         .'iO         65 

125 

35         60         73 

40         70         85 

'yO         80         95 

55         95        1 10 

5/32-in.  (3.97-mm.)  insulation  is  used.  The  table  applies  approxi- 
mately for  any  of  the  styles  of  insulation  with  which  lead  cables 
are  now  insulated. 

The  data  given  are  the  lengths  of  time  during  which  the  loads 
given  in  the  left-hand  column  can  be  carried,  when  th^  loads  given 
in  the  first  horizontal  line  of  each  table  have  been  continuously 
applied  previously  to  the  application  of  the  overload.  Load  is 
expressed  in  per  cent  of  continuous  carrying  capacity,  that  is, 
normal  load. 
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It  must  be  noted  that  a  considerable  variation  in   the  time 
frequently  makes  only  a  few  degrees  difference  in  the  temperature 
This  is  most  particularly  true  where  the  tables  are  hardest  to 
interpolate  closely. 

Table  II  gives  the  time  required  to  attain  about  90  per  cent 
of  final  temperature. 


TABLE 

11 

Sice 

Hours 

No.  6 

! 

1 

1 

No.  000 

U 

cir.  mils 

300.000 

li 

500.000 

2 

700.000 

2h 

1.000.000 

3 

1,500.000 

3! 

2.000.000 

4i 

It  will  require  50  per  cent  longer  time  to  attain  97  per  cent 
of  final  temperature  and  will  require  50  per  cent  less  time  to  reach 
about  68  per  cent  of  final  temperature. 

The  time  given  in  this  table  may  also  be  taken  as  the  time 
interval  which  must  elapse  between  overloads.  If  repeated 
oftener,  the  allowable  duration  of  overload  is  decreased.  If 
repeated  at  inter\'als  of  one-half  this  time,  the  allowable  duration 
of  overload  is  decreased  35  per  cent. 

We  give  an  example  of  the  use  of  these  tables.  It  is  required 
to  determine  the  time  an  800,000-cir.  mil  cable  can  carry  1200 
amperes,  when  it  carries  continuously  400  amperes,  its  continu- 
ous capacity  being  given  as  650  amperes.  Express  the  loads  as 
185  per  cent  and  62  per  cent  of  normal  rating.  We  find  from  the 
tables  that  this  load  may  be  carried  for  about  11  minutes  at 
intervals  of  2^  hours. 

For  excessive  overloads,  we  suggest  that  the  temperature 
rise  be  calculated  by  the  formula 

/  I  X  1000  \'      ,   ,.   , 
temp,  rise  =  i — ^   ^ 1  X  1.15  deg..  cent,  per  minute. 

The  time  required  to  reach  the  limiting  temperature  is  then 
found  directly. 
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THE  HEATING  OF  CABLES  CARRYING  CURRENT 


BY    SAUL  DUSHMAN 


The  problem  of  determining  the  cturent-carrying  capacity  of 
a  cable  or  wire  for  a  given  rise  of  temperature  has  been  the  subject 
of  a  number  of  investigations  since  the  appearance  of  the  classical 
paper  by  Professor  Forbes  in  1884.  That,  however,  the  last  word 
has  not  been  said  on  this  subject  is  evidenced  by  the  fact  that 
during  1910  and  1911  an  elaborate  investigation  was  carried  out 
at  the  National  Physical  Laboratory,  England,  at  the  request 
of  the  Wiring  Rules  Committee  of  the  Institution  of  Electrical 
Engineers.* 

While  the  present  investigation  was  undertaken  mainly  with 
the  object  of  obtaining  data  for  calculating  the  carrying  capacity 
of  a  special  type  of  cable,  it  has  been  thought  that  a  description 
of  the  methods  used  as  well  as  the  publication  of  some  of  the 
results  obtained  might  be  of  interest  in  connection  with  the 
general  subject  of  heat  losses. 

I.    Description  of  Method 

The  carrying  capacities  of  insulated  cables  may  be  determined 
either  directly  or  indirectly.  In  the  former  case  the  actual  rise 
in  temperature  is  determined  for  a  given  current  either  by  noting 
the  increase  in  resistance  of  the  conductor  {e.g.,  Melsom  and 
Booth,)  or  by  means  of  thermocouples  placed  in  thermal  contact 
with  the  conductor  itself.  By  carrying  out  tests  with  a  number 
of  different  sizes  imder  varjring  conditions  of  temperature  rise, 

1.  S.  W.  Melsom  and  H.  C.  Booth.  The  Heating  of  Cables  with  Cur- 
rent. Journal  Inst.  Electrical  Engineers  (Eng.)  47, 711-751  (1911).  A  fairly 
complete  list  of  references  to  previous  investigations  will  be  found  at  the 

end  of  their  paper. 
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an  empirical  relation  is  obtained,  from  which  the  carrying  capac- 
ity may  be  calcidated  for  any  given  rise  in  temperature. 

In  the  indirect  method  the  carrying  capacity  is  calculated  from 
the  thermal  resistivity  of  the  insulation  and  the  emissivity  of  the 
surface.  The  method  has  the  obvious  advantages  of  requiring 
a  far  smaller  number  of  experimental  data  and  of  being  much 
more  generally  applicable,  especially  in  those  cases  where  the 
design  of  fresh  cable  insulations  is  involved. 

TABLE  I 
Nomenclature 
d  =  Diameter  in  inches  of  conductor. 
D\  =  Diameter  over  first  layer  of  insulation. 
Dn^       *"  «     nth       «     «  « 

S  =  Cross-section  of  conductor,  in  square  inches. 

«*  I'  X  ^  X  t/4  for  stranded  conductors. 
V  =  Niunber  of  wires  in  stranding. 
d  =  Diameter  of  individual  wire  in  inches. 
T  =  3.1416 

T  —  Maximum  rise  in  temperature  in  deg.  cent. 
8  =  Temperature  rise  (variable). 
X  =  Distance  from  heated  end,  in  inches. 

m 

R  =  Electrical  resistance  per  1  inch  of  conductor,  at  25  deg. 
cent. 

0.691  X  10-^X1.02,       .       1^        ^     . 
=  ^ for  stranded  conductors. 

0.691  X10"«  y.         ,     , 

—  —       ^  for  sohd  conductors. 

Rj  =  Electrical  resistance  per  1  inch  at  T  +  20. 

/     258  +  r    \ 
=  i"      263  /^ 

K\  =  Thermal  resistivity  [in  deg,  cent,  per  watt  per  inch) 

of  material  of  first  layer. 
H  =  Surface  resistivity  (in  deg.  cent,  per  watt  per  square 

inch). 
Kn  =  Thermal  restivity  of  material  of  »th  layer, 
fn  =  Thermal  resistance  of  nth  layer  of  insulation  per  1  inch 
length  of  cable. 

-  0.366  Xn  log  y^ 
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2  r  =  Total  intei  nal  thermal  resistance  of  insulation  per  1  inch 
length. 
r,  =  external  resistance  per  1  inch  length. 

H 
tDu 

W  =  Permissible  watts  \)er  one  inch  length  for  rise  of  1  deg. 
cent. 

1 


-Lr  +  r. 

i  =  Current  in  amperes. 

C  =  Heat  capacity  of  cable  per  1  inch  length,  in  watts. 
fr  =  *'  Constant  "  in  equation  for  rate  of  heating. 

60 jy 
C 

It  is  evident  that  after  current  has  been  passing  through  the 
conductor  for  a  certain  interval  of  time,  a  stationary  state  is 
attained  at  which  the  heat  generated  per  unit  length  of  cable 
is  completely  conducted  through  the  insulation  and  dissipated 
at  the  surface.    Under  these  conditions, 

(1) 


[/C.log^'-+/C,log|^+...]+/^^ 


The  nomenclature  used  in  this  and  the  following  equations  is 
that  given  in  Table  I. 

Equation  (1)  may  be  written  in  the  more  convenient  form: 


''  ^^  =  rrrr.  (2) 


Data  on  the  heat  resistivity  of  electrical  insulations  have  been 
published  by  H.  D.  Symons,*  Professor  Porter*,  C.  P.  Randolph* 
and  A.  Winkelmann^. 

Regarding  H,  it  is  known  that  for  a  **  perfect  "  radiator  the 

2.  Journ.  Inst.  Electrical  Engineers  (Eng.)  read  Nov.  29,  1911. 

3.  PhU.  Mag.  20,  511  (1910). 

4.  Trans.  Am.  Electrochem.  Soc.  21,  545  (1912). 

5.  Handbuch  der  Physik,  III.  504,  (1906). 
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value  may  be  as  low  as  100  (expressed  in  degrees  centigrade  per 
watt  per  square  inch),  while  for  imperfect  radiators  it  becomes  as 
high  as  200. 

The  great  diflBculty  in  applying  equation  (1)  consists  in  de- 
termining what  value  of  H  should  be  used,  since  it  varies  so 
greatly  with  the  nattire  of  the  surface.  Furthermore,  the  data 
olDtained  for  K  on  the  insulation  itself  by  the  usual  methods  for 
determining  heat  conductivity  may  be  altogether  different  from 
the  value  for  the  insulation  on  the  cable,  owing  to  conditions  of 
manufacture. 

In  view  of  these  considerations  a  method  was  adopted  for 
determining  the  terms  Zr  and  r«  [equation  (2)]  separately  on  the 
cable  itself.  Knowing  the  values  of  d  and  D  for  the  cable  it  is 
then  possible  to  calculate  S  r  and  r«  for  all  other  sizes. 

This  method,  originally  used  by  Despretz,  is  described  in 
standard  works  on  heat*.  If  we  heat  one  end  of  a  piece  of  cable 
which  is  sp  long  that  the  other  end  always  remains  at  room 
temperatiu'e,  the  relation  existing  at  the  stationary  state  between 
the  rise  in  temperature,  G,  and  the  distance,  jc,  from  the  heated 
end,  will  be  given  by  the  differential  equation 

"^      =  M'  0^  (3) 


where 


dx" 


K' 


K^  =  Thermal  resistivity  of  materials  of  conductor. 
S  =  Cross-section  of  conductor. 
p  =  A  constant. 
For  temperatures  below  100  deg.  cent.,  p  is  practically  equal 
to  1 ;  and  the  solution  of  (3)  therefore  assifmes  the  familiar  f orm^ 

log.  6  =  -  iJLX  +  log.  di  (6) 

where  Oi  denotes  the  temperattire  rise  at  jc  =  0. 

6.  Preston,  Theory  of  Heat,  pp.   631-636.    A.  Winkelman,   Handbuch 
der  Physik,  III.     Waime,  p.  451  (1906) 

7.  For  values  of  p  only  slightly  greater  than  1 ,  it  can  readily  be  shown 
that  the  solution  of  (3)  may  be  written  in  the  form 


2 


+  iog.fl.  \i-t^xo,.e.\  ^,,j 


1913]  DUSHMAN:  HEATING  OF  CABLES  337 

By  placing  thermocouples  in  small  holes  drilled  through  the 
insulation  at  different  points,  it  is  therefore  possible  to  determine 
M  and  by  noting  the  temperature  on  a  couple  in  contact  with  the 
covering  of  the  insulation  it  is  further  possible  to  determine  the 
ratio  2r  to  r«.  The  method  thus  gives,  in  one  experiment,  data 
from  which  both  the  thermal  resistivity  (K)  of  the  particular 
insulation  as  actually  put  on  the  cable,  and  the  surface  resistivity 
(H)  may  be  determined. 

II.  Experimental 

Lengths  of  about  five  feet  of  each  of  the  cables  described  below 
were  used  in  the  experiments.  A  few  inches  at  one  end  were 
bared  and  the  conductor  surrounded  by  a  heating  coil.  The 
heated  end  was  packed  in  some  good  heat-insulating  material 
contained  in  a  wooden  box,  so  that  no  heat  would  penetrate  the 
cable  insulation  except  through  the  conductor.  Holes  were  drilled 
through  the  insulation  into  the  copper  at  distances  of  three  or 
five  inches  apart,  a  small  mercury  globule  dropped  into  the  bottom 
of  each  hole,  and  calibrated  thermocouples  (10-mil  diameter 
calorite-advance)  placed  in  the  holes. 

Description  of  Cables  Tested.     (For  meaning  of  symbols  con- 
sult Table  I.) 
Cable  A.         500,000  cir.  mils.  i/  =  61  ^  =  0.0906,  d  =  0.8154. 

Rubber  insulation,  Di  =  1.003;   cotton  braiding 
impregnated  with  asphaltum,  D2  =  1.12. 
S  =  0.393  i^  =  1.793  X  lO"* 
Cable  B.        0000  solid  conductor,  d  =  0.46.     Varnished  cambric 

insulation,    Di  =  0.616;     asbestos    and    cotton 
braiding,  D2  =  1.06. 
S  =  0.16QR  =  4.16  X  10-« 
Cable  B-1.     Same  as  B ;  cotton  and  asbestos  covering  removed. 
Cable  C.        250,000  cir.  mils,  p  =  S7,d  =  0.0823.  rf  =  0.5754. 

Varnished  cambric  insulation,  Di  =  0.952;  lead 
covering,    D%  =  1.14. 
5  =  0.196J^  =  3.582  X  10"-« 
Cable  C-1.     Same  as  C.  Lead  painted  dull  black. 
Cable  D.        Three-conductor   cable,    each    conductor   250,000 

cir.  mils.  Varnished  cambric  insulation  on  each 
conductor,  Di  =  0.70.  Jute  and  compound  be- 
tween conductors  and  outside  layer  of  varnished 
cambric,  diameter  over  three  conductors,  1.640. 
Varnished  cambric  insulation,  D\  =  1.765;  lead 
covering,  Di  =  1.984. 
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Cable  D-1.  Same  as  D.  Lead  painted  dull  black. 
Cable  E.  250,000  cir.  mils,  d  =  0.5754;  rubber  insulation. 
Dx  =  0.825;  lead  casing,  Di  =  0.935;  tape  treated 
with  rubber  compound,  Dt  =  1.007;  braided 
with  galvanized  steel  wire  and  thoroughly  painted, 
Z?4  =  1-07. 

5  =  0,196  if  =  3.582  X  lO"' 
The  thermocouples  used  gave  an  electromotive  force  of  about 
0.04  millivolts  per  deg.  cent.  Under  the  actual  experimental 
conditions  a  rise  of  temperature  of  1  deg.  cent,  produced  a  deflec- 
tion of  6.4  millimeters  on  the  scale,  at  one  meter.  Denoting  the 
deflection  by  a,  it  is  evident  from  the  proportionality  between  9 
and  a  in  the  range  of  temperatures  used  (20-60  deg.  cent.)  that 
in  equation  (6)  we  could  substitute  a  for  6. 


No.ot 

Expl. 

■^ 

5 

8 

" 

14 

17 

20 

33 

' 

1 

l^iS 

.138 

257 

203 

ISA 

120 

AS 

0.0860 

(43S) 

338 

281 

aOi 

)£« 

lai 

fi3 

72 

(CllGUUlFd) 

2 

427 

320 

240 

180 

las 

103 

Tfi 

M 

0  0947 

[427) 

320 

240 

ISO 

136 

101 

76 

67 

ICilcHlaleil) 

3 

411 

307 

Z2S 

lea 

130 

as 

71 

Bl 

0  0BS8 

(4111 

307 

230 

173 

130 

B7 

72 

SS 

(CiUcuUifd) 

4 

4^) 

313 

231 

174 

132 

07 

71 

50 

0  0971 

315 

236 

177 

13.1 

BU 

^* 

56 

(CalculXcd) 

While  theoretically  it  is  only  necessary  to  obtain  values  of  G 
for  two  different  values  of  x  in  order  to  calculate  ^,  readings  were 
usually  taken  at  five  or  more  different  points  along  the  cable. 
The  values  of  log  a  were  then  plotted  as  ordinates  with  corres- 
ponding values  of  X  as  abscissas.  From  the  straight  line  drawn 
through  all  the  points  (or  so  as  to  take  in  as  many  points  as  pos- 
sible) an  average  value  of  fi  was  then  determined. 

To  check  the  results,  the  average  value  of  fj,  from  all  the  experi- 
ments on  any  one  cable  was  then  used  to  recalculate  the  deflec- 
tions on  the  galvanometer  scale  corresponding  to  the  different 
points. 

The  temperature  at  the  surface  was  very  easily  determined 
in  case  of  lead-covered  cables  by  drilling  holes  into  the  lead  and 
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securing  an  intimate  contact  between  the  lead  and  the  couple 
by  means  of  a  mercury  globule.  In  the  case  of  cotton-covered 
cables,  the  couple  was  cemented  to  the  surface  by  means  of 
Canada  balsam  and  a  narrow  band  of  tape. 

As  an  illustration  of  the  results  obtained,  the  Table  II  gives 
the  observations  in  four  experiments  with  cables  C  and  C-1. 
In  the  last  three  of  these  the  lead  covering  was  painted  dull  black. 

In  experiment  1,  the  deflections  were  recalcidated  from 
/i  =  0.086,  in  the  other  experiments  the  average  value  from  the 
three  experiments  was  used  to  recalculate  the  deflections.  When 
it  is  considered  that  a  deflection  of  6.4  corresponded  to  a  differ- 
ence of  1  deg.  cent.,  the  agreement  must  be  considered  quite 
satisfactory. 


TABLE  III. 


Cable 


A 

B 
B-l 

C 
C-1 

D 
D-1 

E 


0.0765 
0.085 
0  095 

0.086 
0.096 

0.0652 
0.74 

0.110 


Zr-\-rg 

W 

re  W 

Zr 

"e 
34.8 

H 

K 

47 

0.0213 

0.74 

12.2 

122 

242 

90 

0.0111 

0.40 

54 

36 

120 

410 

72 

0.0139 

0.79 

15.1 

56.9 

110 

330 

0.69 

22.3 

49.9 

97 

480 

74 

0.0135 

0.69 

23 

51 

183 

290 

59.5 

0.0168 

0.61 

23.2 

36.3 

130 

290 

0.62 

22.6 

36.9 

132 

283 

43 

0.0233 

0.71 

12.4 

30.6 

191 

288 

33.4 

0.0300 

0.69 

10.3 

23.1 

144 

240 

0.65 

11.3 

22.1 

138 

261 

45.5 

0.022 

0.59 

18 

27.5 

91 

260 

Calculated 


Zr 


12.6 


18 


24 

53 

24 

39 

12.9 

31 

12.9 

23 

12.9 

22 

18 

32 

34.1 


62 


By  means  of  equation  (4),  values  of  (S  r  +  r«)  were  calculated 
from  the  values  of  /x.  In  accordance  with  the  most  recent  data 
on  the  thermal  conductivity  of  copper*  I  have  used  the 
value  K'  =  0.108. 

In  Table  III  are  tabulated  the  values  of  /i,  2  r  +  r.;  W;  r«  W; 
r,  and  S  r.    The  value  of 


r,W  == 


r. 


2r  +  r. 


was  obtained  from  the  temperature  readings  on  the  couples 
inside  and  outside  the  layer  of  insulation.     From  r«  and  Z)», 

8.  Jaeger  and  Disselhorst,  Wiss.  Abh.  d.  Phys.  Techn.   Reichsanstalt, 
3,  269  (1900). 
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the  value  of  H  was  determined  as  indicated  in  equations  (1)  and 
(2).  From  2  r  the  average  value  of  K  for  the  different  materials 
composing  the  insulation  was  determined  in  the  same  manner. 

Assuming  K  for  treated  tape  to  be  about  270  (Symons)  and 
that  the  resistivity  of  the  cotton  braiding  and  rubber  are  ap- 
proximately equal,  we  can  deduce  from  the  above  experiments 
the  following  values  of  K  for  different  materials: 

Rubber 250 

Varnished  cambric  (lead-covered  cables) 300 

(cotton"  "        400 

In  view  of  the  influence  of  slight  errors  in  the  experimenta 
observations  on  the  values  of  K,  only  round  numbers  have  been 
given. 

The  difference  in  the  thermal  resistivities  of  the  lead-covered 
and  cotton-covered  varnished  cambric  insulations,  is  no  doubt 
due  to  the  presence  of  air  spaces  between  the  insulation  and 
covering  in  the  latter  case. 

For  the  surface  resistivity  /f,  the  numbers  deduced  from  the 
above  experiments  are  as  follows: 

//  for  different  surfaces 

Painted  steel  braided  armor 100 

Cotton  covering 120 

Lead,  ordinary  smooth 190 

•      painted  dull  black 140 

In  the  last  two  columns  of  Table  III  are  given  the  values  of 
2  r  and  r,  calculated  by  means  of  these  data. 

The  most  striking  feature  about  these  results  is  the  effect  of 
painting  the  lead  on  its  surface  resistivity.  The  fact  that  2  r 
remains  constant  while  te  alone  varies  as  a  result  of  painting  the 
surface  is  very  strikingly  brought  out  by  the  results  recorded  in 
Table  III.  (Compare  C  and  C-1;  D  and  D-1).  That,  conse- 
quently, the  current  carrying  capacity  of  the  cables  is  thereby 
increased  is  also  seen  from  the  carrying  capacities  given  in  Table 
IV  as  calculated  by  means  of  equation  (2). 

Table  IV  shows  that  by  painting  the  single  conductor  lead 
cable,  the  carrying  capacity  for  7"  =  60  deg.  cent,  is  increased 
about  11.4  per  cent.,  while  in  the  case  of  the  three-conductor 
cable  the  increase  is  13.5  per  cent.  While  this  is  quite  in  accord 
with  what  is  known  about  the  laws  of  surface  losses,  it  is  interest- 
ing to  note  that  by  painting  the  lead-covered  cable  the  carrying  capac* 
ity  can  be  increased  as  much  as  12  per  cent. 
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Note  on  the  Calculation  of  K  for  Varnished  Cambric  Insulation 
from  2  r  for  Three-Conductor  Cable.  In  comparing  the  values 
obtained  for  S  r  in  the  case  of  cables  C  and  D  and  of  C-1  and  D-1 
it  was  found  that  the  results  could  be  calculated  fairly  well  by 
assuming  that  the  only  effective  thermal  resistance  in  the  case 
of  three-conductor  cables  is  the  sum  of  the  resistance  of  insula- 
tion on  one  of  the  conductors  together  with  that  of  the  covering, 
to  which  must  of  course  be  added  the  surface  resistance. 

Thus  in  the  case  of  Cable  D  (or  D-1), 

2  r  =  300  (  0.3651og  ^^11+0.365  log  h^) 

=  12.9 
instead  of  10.3  to  12.4  as  obtained  experimentally. 


TABLE  IV 


•  for  T  = 

Cable 

W 

60 

40 

30 

20 

10 

A 

0.0213 

571 

475 

342 

B 

O.Olll 

365 

307 

270 

C 

0.0135 

433 

365 

321 

C-1 

0  0168 

4S2 

407 

359 

D 

0  0233 

292 

247 

218 

D-1 

0.0300 

332 

280 

247 

B 

0.0220 

460 

In  other  words,  the  thermal  resistance  of  the  jute  and  compound 
is  neglected,  and  the  effective  thermal  resistance  is  that  obtained 
by  assuming  each  conductor  to  transmit  heat  through  only  that 
(me-ihird  of  its  surface  which  is  in  contact  with  the  covering. 

Apparently  the  same  idea  might  be  extended  to  twin  conduc- 
tors. The  effective  resistance  would  in  that  case  also  be  that  of 
the  insulation  around  one  conductor  and  that  of  the  covering 
over  both  conductors. 

Tests  on  the  Carrying  Capacity  of  Cable  E.  In  order  to 
see  how  accurately  the  carrying  capacity  could  be  calculated 
fixnn  experimental  determinations  of  /x,  an  actual  test  was  carried 
out  with  cable  E. 

About  40  feet  of  the  cable  were  stretched  out  along  the  floor, 
being  supported  about  six  inches  above  the  latter  by  means  of 
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blocks  at  intervals  of  three  feet.  The  temperature  at  the  copper 
was  determined  by  means  of  thermocouples  placed  in  holes 
drilled  through  the  insulation.  The  temperature  at  the  surface 
was  also  determined  by  fastening  a  couple  to  the  steel  braided 
armor  in  the  manner  described  above.  During  the  heating, 
readings  were  taken  on  one  of  the  couples  at  intervals  of  5  minutes 
and  from  time  to  time  observations  were  taken  at  other  points 
along  the  cable  to  see  that  the  temperature  rise  was  uniform.  The 
second  column  in  Table  V  gives  the  temperature  rise  at  different 
intervals  of  time  while  constant  ciurent  was  passing  through  the 
cable.  The  third  column  gives  the  excess  of  temperature  above 
that  of  the  room  at  different  intervals  of  time  after  breaking 
the  current. 

TABLE  v 


1 

Time  in  minutes 

Temperature  above  that  of  the  room 

On  heating 

On  cooling 

0 

0 

37.0 

5 

8.3 

28.6 

10 

13.1 

22.1 

15 

18.1 

19.0 

20 

21 

14.3 

25 

25 

12.6 

30 

26.7 

10 

35 

29.0 

7.7 

40 

30.7 

6.1 

50 

32.9 

4.3 

55 

33.3 

3  6 

65 

34.6 

2.1 

75 

35.2 

95 

35.6 

125 

37.0 

The  heating  and  cooling  ciuves  are  plotted  in  Fig.  1.  The 
heating  curve  indicates  that  at  the  stationary  state  (/  =  » )  the 
temperattire  rise  would  have  been  38  deg.  For  a  temperature 
rise  of  40  deg.  the  carrying  capacity  would  therefore  be 


^^^  ^|g^r508  "  ^^60  amperes 


This  agrees  very  well  with  the  result  calculated  in  Table  III,  and 
shows  that  the  indirect  method  based  on  the  determination  of  jlc 
is  quite  reliable. 
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Temperature  of  Ike  Surface.  The  ratio  of  the  external  resist- 
ance (r.)  to  the  internal  thermal  resistance  (S  r)  of  the  insula- 
tion was  determined  by  noting  the  temperature  of  the  surface. 
Corresponding  to  a  temperature  rise  of  38  deg.  cent,  at  the  con- 
ductor, the  temperature  of  the  surface  was  23  deg.  cent,  above  that 
of  the  room.  This  gives  a  value  for  r,  W  of  0.6  and  agrees  very 
well  with  the  result,  0.59,  deduced  in  Table  III. 

Rates  of  Heating  and  Cooling.  The  smooth  curves  drawn 
through  the  points  on  the  heating  and  cooling  curves  are  found 
to  satisfy  the  equations 

0  =  38  (I  -  e-ootM.)  (8) 


and 


e  =  37  £-»■««' 


(7) 


respectively,  where  6  denotes  the  excess  of  temijcrature  above 
that  of  the  room  at  the  time  t  (in  minutes). 
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in.  Current-Carrying  Capacities  of  Rubber-  and 
Varnisheo-Cambric- Insulated  Cables 
In  the  following  section  the  data  determined  above  have  been 
used  to  calculate  the  current-carrying  capacities  of  the  various 
standard  tyj^s  of  cables.  The  method  of  calculation  is  that 
indicated  in  equations  (1)  and  (2).  In  'lableVI  are  given  the 
constructional  data  for  rubber- insulated  cables  together  with  the 
calculated  values  of  S  r,  t„  W  and  »,  based  upon  K  =  250  and  H 
=  120. 

Table  VII  gives  similar  data  for  varnished-cambric-insulated 
cables,  braided  and  leaded.  The  equations  used  in  the  calcula- 
tions of  r  and  r,  were  as  follows: 

Braided  cables  r  =  400  X  0.365  X  log  Djd 
Leaded        "      r  =  300  X  0.365  X  log  Dxid. 


Braided  and  leaded  cables,  r,  ™ 


H 
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The  values  of  v,  d  and  d  were  obtained  from  the  tables  given  in 
G.  E.  Bulletin  No.  4787,  pages  8  and  9.  Data  for  D,  Table  VI, 
were  taken  from  the  tables,  page  26,  while  values  of  Di  and  Di, 
Table  VII,  were  taken  from  the  table  on  page  41  (thickness  of  in- 
sulation based  on  working  pressure  of  1000  volts). 

On  page  56  of  the  same  bulletin  are  given  the  current-carrying 
capacities  from  which  were  taken  the  figures  in  the  last  two 
columns  of  Table  VI  and  the  last  column  of  Table  VII. 

In  all  cases  a  room  temperature  of  20  dcg.  cent,  has  been  as- 
simicd,  and  T  =  rise  in  temperature  above  20  deg.  cent. 

Degree  of  Accuracy  of  Calculated  Carrying  Capacities 

The  most  important  fact  brought  out  in  these  tables  is  the 
effect  of  the  radmting  surface  on  the  carrying  capacity  of  the  cable. 
Comparing  S  r  and  r,  for  the  same  size  of  cable,  it  is  seen  that 
the  thermal  resistance  of  the  surface  varies  in  the  different  cases 
from  0.50  to  0.87  of  the  total  resistance.  In  other  words,  the 
calculated  carrying  capacity  depends  more  upon  the  accuracy  of 
H  than  on  that  of  K. 

If  the  ratio  re/2  r  be  denoted  by  n,  equation  (2)  can  be  written 
in  the  form 

T 


i^Rj  = 


2  r  (n  +  1) 


Hence,  it  is  readily  shown  that 


A  i  A  (2  r) 


• 

t 

2  (»  +  1)  (i:  r) 

At 

-  A  (r,) 

• 

t 

^('  +  v)'- 

(8) 


(9) 


Assuming  that  on  the  average  n  =  2,  it  is  seen  that  a  change 
of  10  per  cent,  say,  in  the  value  of  K  affects  the  calculated  value 
of  i  by  no  more  than  1.6  per  cent,  whereas  a  similar  change  in 
the  value  of  /f,  affects  the  value  of  i  by  3.3  per  cent. 

Now  with  regard  to  tlie  accuracy  of  the  particular  values  of  K 
and  //  used  in  the  above  calculations,  we  may  assume  the  limit 
of  error  as  15  j^er  cent  in  the  case  of  K  and  10  per  cent  in  the  case 
of  //.  Consequently  the  possible  error  in  the  calculated  carrying 
capacities  may  be  estimated  at  about  2.5  per  cent. 
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Representation  of  Carrying  Capacities  by  a  General  Formula. 
Melsom  and  Bcxjth  found  that  they  could  express  the  results  ob- 
tained by  them  for  the  current-carrying  capacities  of  rubber-  and 
paper-insulated  cables  by  an  empirical  equation  of  the  type 


i  I  D  Y 


(10) 


This  may  be  written  in  the  more  convenient  form 


log(4-)  =  iVlog(.-5)  +  5' 


(U) 


Where  D  =  outside  diameter  of  cable  in  inches, 

S  =  cross-section  of  conductor  in  square  inches, 
and  i  =  current  in  amperes, 

they  obtained  the  following  values  for  N  and  B : 


TABLE  VIII 

Constant!  for  calculating  carrying  capacities  of  rubber-  and  paper-insulated  cables 
according  to  Melsom  and  Booth 


Type  of  insulation 

N 

B  for  T  - 

11.1  deg.cent. 

1 16.7  deg.cent. 

1 

27.7  deg.cent. 

Rubber-covered  in  air. 
Rubber-covered  in  casing. 
Lead -covered,  paper-insulated. 

p 

0  616 

0.66 

0.50 

2.5611 
2.4900 
2.6325 

'       2  6600 
2  5539 
2.7292 

1 

2.8376 

It  is  rather  remarkable  that  the  same  form  of  equation  expresses 
the  results  given  in  Tables  VI  and  VII  pretty  closely. 

In  Fig.  2  the  values  of  log  |—^j  obtained  from  Tabic  VI  havs 

been   plotted   as   ordinates   with   corresj)onding   values    of   log 

I     ^   j  as  abscissas.    The  results  given  in  Table  VII  for  varnished 

cambric,  cotton  covered  cables  have  been  plotted  in  a  similar 
manner  in  Fig.  3.    The  slope  of  the  line  thus  obtained  in  each 

^Logarithms  to  base  10  are  of  course  meant,  except    where    otherwise 
indicated. 
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case   gives  the  exponent  N,  while  B  may  be    determined  e 
graphically  or  in  the  usual  manner. 

The  constants  obtained  for  the  three  types  of  insulation  U 
are  given  in  the  following  table: 

TABLE  IX 
Constants  for  calculating  carrying  capacities  of  rubber-  and  varnish^d-cambri' 
lated  cables,  suspended  in  air. 


Type  of  insulation 

N 

fJ  f  or  r  « 

eOdeg. 

40  deg. 

30  deg. 

20  deg. 

10 

Rubber-  c  o  vcred . 

Varnished  cambric  cot- 
ton-covered. 

Varnished  cambric  lead 
covered. 

0.515 
0.545 
0.525 

2.985 
2.975 

2.911 
2.901 

2.93 

2.856 

2.846 

2.85 

2. 

Table  X  indicates  the  good  agreement  between  the  value! 
calculated  from  the  above  interpolation  formulas  and  the  vj 
obtained  by  the  more  elaborate  calculation  given  in  Table 
and  VII.  Denoting  the  hitter  by  ii,  and  those  calculated  by  rr 
of  Table  IX  by  U,  we  find  that  with  very  few  exceptions  the 
numbers  agree  to  within  two  per  cent. 

TABLE  x 
Values  of  12/11 


Size  of  cable 

Rubber 

Cambric    braided 

Cambric  lea 

(r  =  30dcg.) 

rr=60dcg.) 

(r  =  60dt 

2.000.000  cir.  mils. 

1.007 

1.012 

0.985 

1.000.000  cir.  rails. 

1.002 

0.980 

1.050 

500,000  cir.  mils. 

1.003 

0  989 

0  982 

250.000  cir.  mils. 

1.01 

1  022 

1.000 

0  B.  &  S. 

1.007 

0.995 

0.996 

4  B.  &  S. 

0.983 

0.983 

1.005 

6  B.  &  S. 

0.996 

1.030 

1.010 

10  B.  &  S. 

1   001 

Comparison  of  Results  Obtained  with  Carrying  Capacities  Ac 
ing  to  G.  E.  Bulletin  and  N.E.  Code.  In  Tables  VI  and  VII  are 
given  the  carrying  capacities  recommended  in  the  G.  E.  Bui 
and  those  according  to  the  N.  E.  Code,  1907.  From  these  fij^ 
the  curves  A  A  and  BB,  Fig.  3,  and  CC,  Fig.  4,  have  been  plo 
It  must,  however,  be  noted  that  the  figures  given  in  the  C 
Bulletin  are  for  the  cables  drawn  in  duels;  furthennore,  whil< 
thermal  resistances  in  Table  VII  have  been  calculated  f 
thickness  of  insulation  to  be  used  with  a  pressure  not  excee 
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1000  volts,  the  carrying  capacities  recommended  in  the  G.  E. 
BulUtin  are  intended  to  be  used  for  pressures  not  exceeding  3000 
volts. 
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Fig.  3 


The  calculated  carrying  capacity  is,  however,  thereby  diminished 
only  one  or  two  per  cent,  because  the  effect  of  increased  thickness 
of  insulation  is  almost  neutralized  by  the  effect  of  increased 
radiating  surface. 
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It  will  be  noticed  that  the  currents  recommended  by  the  N.  E. 
Code  are  evidently  based  on  T  =  15  deg.  for  large  sizes  and  T 
=  10  deg.  for  smaller  sizes.  On  the  other  hand,  the  carry- 
ing capacities  recommended  in  the  G,  E,  Bulletin  follow  a 
rather  irregular  law.  While  for  the  larger  sizes  the  currents 
recommended  are  nearly  equal  to  those  calculated  from  thermal 
data,  the  diflference  between  the  two  sets  of  figures  becomes 
greater  as  the  size  is  diminished.  This  is  indicated  even  better 
by  calculating  the  current  densities  according  to  the  different 
methods  of  determining  carrying  capacity. 

TABLE  XI 
Current  density,  amperes  per  sq.  in. 


Varnished  cambric  insulation 

Rubber  insulation  {T* 

-  30  deg.) 

r-60deg. 

Sixeof 
cable 

Thermal 

G.  E. 

N.E. 

Thermal  data 

G.  E. 

data 

BuUetin 

Code 

BuUetin 

Braided 

Leaded 

2.000.000  CM. 

956 

892 

669 

1130 

1129 

1114 

1. 000.000 

1177 

1124 

827 

1432 

1366 

1463 

500.000 

1455 

1400 

992 

1788 

1720 

1680 

250.000 

1807 

1624 

1193 

2223 

2158 

1980 

0  B.  ft  S. 

2397 

1988 

1494 

3011 

.2807 

2349 

4  B.  ft  S. 

3182 

2273 

1940 

4091 

3698 

2788 

6  B.  ft  S. 

3690 

2428 

2233 

4709 

4417 

2913 

10  B.  ft  S. 

5000 

2439 

2927 

While  it  would  thus  api>ear  as  if  for  certain  purposes  the  cur- 
rent density  on  the  smaller  sizes  could  be  increased  considerably, 
it  must  also  be  remembered  that  the  temperature  rise  is  not  the 
only  factor  that  has  to  be  considered.  Where  the  necessity  arises 
of  keeping  the  t  R  drop  within  certain  limits,  it  would  be  impos- 
sible to  use  such  high  current  densities  with  smaller  sizes  of  cables, 
and  no  doubt  such  considerations  have  been  largely  effective  in 
regard  to  the  figures  given  in  the  G.  E,  Bulletin. 

Comparison  of  Results  Obtained  with  those  of  Melsom  and  Booth. 
From  the  data  in  Table  VIII  it  is  possible  to  calculate  the 
carrying  capacities  of  rubber-  and  paper-insulated  cables  accord- 
ing to  Melsom  and  Booth. 

For  rubber-covered  cables  in  air,  for  T  =    10  deg., 

log  (-4r-)  =  ^-^^^  1^^  "X  "^  ^'^^  (Melsom  and  Booth) 


=  0.515  log 


D 
S 


+  2.707  (Table  IX) 
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For  lead-covered  cables  in  air  (pap)er-instilated),  for  T  =    30 
deg., 

log  -|-    =  0.50  log    ^-  +  2.860  (Melsom  and  Booth) 


D 


=  0.525  log  -^  +  2 


.846 


Table  XII  gives  a  comparison  of  the  current  densities  calculated 
for  diflFerent  sizes  of  cable  according  to  both  sets  of  equations. 


TABLE  XII 


Rubber-covered 

Lead -covered 

according  to 

according  to 

Siu  of  cable 

D/S 

1 

1 

Table  IX 

M.  &  B. 

Table  IX 

M.  ft  B. 

2.000.000  cir.  mils. 

1.27 

575 

392 

795 

816 

500.000    •       - 

2  85 

873 

646 

1216 

1222 

0  B.  &  S. 

7.69 

1445 

1180 

2032 

1995 

6  B.  ft  S. 

17.00 

2193 

1941 

3105 

2985 

10  B.  ft  S. 

29.3 

2897 

2716 

4130 

3917 

On  the  whole,  the  two  sets  of  equations  give  results  that  are 
within  two  per  cent  for  lead-covered  cables,  but  for  rubber-cov- 
ered cables  the  agreement  becomes  better  only  in  the  smaller 


sizes. 


Calculation  of  Rates  of  Heating  and  Cooling  and  Carry- 
ing Capacities  under  Intermittent  Use. 

Let  q  =  Rate  at  which  energy  is  supplied  to  conductor,  in 
watts  per  inch  le.i'jth  of  coniuc  or. 
C  =  Heat    capacity    of   cable    per    1    inch  length,   in 

watts. 
W  =  Watts   transmitted   through   insulation   for  1  deg. 
difference  in  temperature,  per  1  inch  length. 


'^^'-^-^ '!  +"'^* 


(12) 


where  0  =  temperature  rise  at  the  conductor  at  time  /,  in 

minutes. 


•This   equation    is   only  approximately   true,   but  the  value  of  b  ob- 
tained is  probably  within  10  per  cent  of  the  true  result. 
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Integrating  (12), 

0  =  -^|i -€-*'!  =  r(i  -€-*')  (13) 

where  ft  =  60  W/C 

and  T  =  q/W  =  maximum  temperature  rise. 

Hence,  it  is  possible  to  calculate  ft,  if  C  and  W  are  known. 

Referring  to  the  record  of  the  test  on  the  carrying  capacity  of 
cable  E,  the  average  value  of  ft  deterrrtined  from  heating  and 
cooling  curves  was  found  to  be  0.044.  Since  W  =  0.022, 
C  =  30  waits  per  1  inch  length. 

On  the  other  hand,  it  is  possible  to  calculate  C  from  the  heat 
capacities  of  the  various  materials. 

Heat  capacities  in  watts  per  cubic  inch. 

Copper 66 

Rubber 22 . 6 

Lead 23 

Iron  (steel) 66 

From  these  data  and  the  thicknesses  of  the  various  layers 
we  obtain  the  value  C  =  29,  which  is  in  close  agreement  with  the 
observed   value. 

In  Table  XIII,  C  has  been  calculated  for  several  of  the  rubber- 
insulated  and  varnished  cambric-insulated  cables.  From  the  value 
of  C  and  that  of  W  (Table  VI  and  VII),  ft  has  been  determined 
by  means  of  the  relation 

60  W 

From  the  equation 

-|^  =  1  -  c-^'  (13a) 

it  is  seen  that  the  heating  curves  of  all  siz'^^s  of  cables  can  be  repre- 
sented by  a  generalized  curve  with  the  equation 

where  the  unit  of  x  is  the  time  in  minutes  required  for  the  tempera- 
ture rise  to  attain  03.21  per  cent   of  its  ultimate  value;  that  is, 

the  unit  of  time  is   r  minutes. 
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Such  a  generalized  heating  curve  is  represented  in  Fig.  4.  The 
four  values  of  x  at  which  6  is  0.5,  0.75, 0.90  and  0.95,  respectively, 
of  its  ultimate  value  have  been  indicated  on  the  curve.    Similarly 


the  curve.    The  cooling  curve  - 
with  the  same  imits. 


=  «~-^has    also   been    plotted 


^'-\- 
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1^ 
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The  use  of  these  curves  may  be  illustrated  thus: 

If6  =  0.044, -r-  =  22.73  minutes.    Consequently  the  intervals 

of  time  required  for  the  temperature  rise  to  attain  50,  75  and  90 
percent  of  its  maximum  value  arc  0,69  X  22.73  (  =  16),  1.39 
X22.73  (  =  32)  and  2.3  X  22.73  (  =  52)  minutes,  respectively. 
In  Table  XIII  are  given  the  values  of  (  (in  minutes)  at  which 
the  cable  would  attain  50,  75,  90  and  95  per  cent  of  its  maximum 
temperature  rise. 


TABLE  XIll 


llorf/T- 

Sitt  D(  cable 

C 

b 

0  .'. 

0.7G 

OB 

0  ss 

Dl 

D,» 

2.0)0.0(10  cir.  mill. 

110 

O.OK 

0.044 

500,000    ■       • 

32 

0.040 

75 

1  12 

0  044 

OB.  *S, 

17 

28 

37 

0.03 

0.O51 

0,062 

V««UhH.c«nbric- 

2.«»,000  eir.  mill. 

120 

0.014 

214 

0.030 

S00.O0O   •       ■ 

35 

0.030 

23 

48 

1-19 

0.030 

OB,  &S. 

10 

0.060 

12 

23 

60 

o.ee 

SB,  AS. 

33 

" 

13 

21 

27 

0.40 

0.044 
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As  is  seen  from  the  last  two  columns,  the  rate  of  heating  (c 
cooling)  varies  approximately  inversely  as  the  outside  diametc 
for  rubber-covered  cables.  This  rule  does  not,  however,  exten 
to  vamished-cambric-insulated  cables. 

A  much  more  general  problem,  however,  than  that  of  calculi 
ting  the  rates  of  heating  and  cooling  of  cables  is  the  detcrminatio 
of  the  carrying  capacity  under  intermittent  use,  or  the  calcula 
tion  of  the  interval  of  time  during  which  a  definite  overloa 
may  be  carried. 

The  exact  solution  of  such  a  problem  would  involve  the  use  c 
Fourier's  series  and  is  very  difficult,  but  the  following  considers 
tions  show  that  a  first  approximation  at  the  solution  of  this  prot 
1cm  may  be  obtained  quite  readily. 

Let  ii  =  carrying  cajiacity  of  a  cable  for  a  given  rise  of  tempers 
ture  Oi  (as  given  in  Tables  VI  and  VII). 

Let  i  =  (1  +  />)  1 1    denote  the  overload  current,  where  100 
=  per  cent  overload. 

Let   T  =  corresponding  maximum  rise  in   temperature. 
From  equation  (2)  it  follows  that 

i^^  R  (1  +  0.004  di)  =  WOx 
i^  R  (1  +0.004  T)  =  WT 


Consequently 


<>.  1+0.004    _^_^^^^^ 


t»  '  (14 


».» 


and  the  interval  of  time,  ti,  during  which  the  overload  may  t 
applied,  is  given  by  the  relation 

2  3  T 

Thus  by  combining  equations   (14)  and   (15)  it  is  ])ossible  t 
calculate  /  for  given  values  of  0\  and  i/iu  if  ^  is  known. 

Now  consider  the  case  in  which  the  cable  has  an  initial  loa 
of  Vo  amj)eres  before  the  overload  current  is  applied.  Assumin 
that  this  initial  current  is  over  50  per  cent  of  the  normal  carr>'in 
capacity  (I'l)  and  that  it  has  been  passing  until  the  stationary  stal 
of  temperature  distribution  has  been  attained,  the  relative  ten 
perature  increments  at  the  stationary  state  without  overloa 
(do)   and   with   overload    (di)   are  given  by 
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When  the  overload  current  is  applied,  the  maximum  rise  of 
temperature  above  do  will  be  T—doy  and  the  interval  of  time  taken 
to  attain  the  temperature  rise  T  will  be  given  by  the  equation 


2.3  ,        T  -  do 
-Ht— log 


T-01 


T 
2  ^oc    ^' 

b    *°^     T 

-  1 

Si 


Til) 


It  is  evident  that  for  9j  =  O,  equation  (17)  becomes  the  same 
as  (15). 

by  r,  wc  can  unite  (17)  in  the  form: 


Denotinjj^  the  ratio 


/  = 


T 
2.3    ,         di 

1  ''Iff  T 

4,11    Ulll 

-  r^ 

b     '"^     T 

-  1 

(17a) 


Now  the  value  of  the  expression 

T 


2.3  loK 


T 


-r2 


-  1 


=    0 


will  dei.)end  only  upon  the  three  variables  />,  r.  and  6.  That  is, 
for  a  given  value  of  d\,  the  value  of  /  is  proportional  to  </>  and  is 
absolutely  independent  of  the  dimensions  of  the  cable.     The 

pro])ortionality  constant  -v-  is  the  only  quantil  y  which  dc])cnds 

upon  the  size  of  the  cable.  Its  value  may  be  obtained  from  Table 
XIII  above. 

TABLE  A.     <9,  =  30 
t   "  interval  time  for  which  overload  may  be  carried. 

1 
10)  p  ■»  per  cent  overload;  r  =  t'o/normal  carrying  capacity  for  5  =  30  dejf. 


^  for  ^ 
0.30 

f 

0.10 

0.20 

0.50 

0.75 

1.00 

0. 

1.64 

1.064 

0.788 

0.474 

0.281 

0.175 

0.50 

1  41 

0.894 

0.637 

0.375 

0.216 

0  133 

0.6 

1.30 

0.801 

0  566 

0.329 

0.189 

0.115 

0.7 

1.14 

0.685 

0.474 

0  270 

0.154 

0.092 

0.8 

0.914 

0  525 

0.356 

0.198 

0.110 

0.067 

0.9 

0.585 

0.311 

0.202 

0.108 

0.057 

O.O&Ci 
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In  Table  A,  the  values  of  the  expression  0  have  been  tabu- 
lated for  0\  =  30  and  different  values  of  r  and  p. 

The  use  of  this  table  may  be  illustrated  by  the  following 
example. 

It  is  required  to  determine  the  value  of  /  for  a  2,000,000-cir. 
mil  rubber-insulated  cable  carrying  60  per  cent  of  its  normal 
current  when  an  overload  of  30  per  cent  is  applied. 

^om  the  table,  it  is  found  that  for  r  =  0.6  and  />  =  0.3, 
0  =  0.566.      According    to  Table   XIII,  b  =  0.014.       Hence 

/  =   ~R\tA    =  40.4  minutes.     If  the  cable  were  not  carrying  any 

current  initially,  it  could  stand  an  overload  of  30  per  cent  for 

^'    ^  .    =56.2  minutes. 
0.014 

Tables  B  and  C  contain  similar  data  for  0  =  40  and  0  =  60. 

TABLE  B.     /?  -  40 


r 

^  for  p  = 

B 

0.10 

0.20 

0.30 

0.50 

0.75 

1.00 

0. 

1.61 

1.03 

0.746 

0.440 

0.246 

0.138 

0.5 

1.38 

0.865 

0.605 

0.348 

0.191 

0.092 

0.6 

1.27 

0.776 

0.5.36 

0.302 

0.163 

0  078 

0.7 

1.108 

0.660 

0.449 

0.246 

0.131 

0.060 

0.8 

0.891 

0.505 

0.336 

0  182 

0.0«i7 

0.039 

0.9 

0.564 

0.30 

0.191 

0.099 

0.051 

0.012 

TABLE  C.     d  =C0. 


0.10 


0. 

1.54 

0.5 

1.32 

0.6 

1.20 

0.7 

1.05 

0.8 

0.8.34 

0.9 

0.528 

0.20 


0.975 
0.805 
0  720 
0  608 
0.465 
0  274 


0.30 


0.680 
0.550 
0  485 
0.405 
0.302 
0.168 


0.50 


0.373 
0.292 
0.2."»3 
0.207 
0.1  :>4 
0  080 


0.75 


0.177 
0.138 
0.117 
0.088 
0.0.'>8 
0.0.30 


1.00 

0  072 

0.053 

0  046 

0  a37 

0.025 

0.014     1 

These  data  may  b'j  ])lotlcd  in  the  form  of  curves  giving  </> 
as  ordi nates  and  p  as  abscissas.  By  the  use  of  thete  curves 
and  tables  of  b  it  ought  therefore  to  be  possible  to  calculate 
approximately  the  interval  of  time  during  which  any  definite 
overload  may  be  carried. 

Summary 

The  current-carrying  capacity  of  an  insulated  cable  may  be 
calculated  from  data  on  the  thermal  resistivity  of  the  insulation 
and  of  the  surface.  It  has  been  shown  that  these  data  may  be 
obtained  for  any  type  of  insulation  from  experiments  on  the 
cable  itself  by  applying  a  well-known  method  for  determing  heat 
conductivities. 
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As  a  result  of  experiments  on  different  types  of  cable  insulation, 
the  following  values  have  been  obtained  for  the  thermal  resistivi- 
ties (deg.  cent,  per  watt  per  inch) : 

Rubber  and  cotton  braid  cover 260 

Varnished  cambric  and  cotton  braid  cover 400 

(lead-covered  cables) 300 


«  « 


For  the  surface  resistivities  the  following  values  were  obtained 
(deg.  cent.  i)er  watt  per  square  inch). 

Painted  steel  braided  armor 100 

Cotton  covering 120 

Lead,  ordinary 190 

*      painted  dull  black 140 

These  data  (which  are  in  agreement  with  those  obtained  by 
other  investigators)  have  been  used  to  calculate  the  carrying 
capacities  of  standard  rubber-  and  vamished-cambric-insulated 
cables  suspended  in  air.  It  has  been  shown  that  over  the  range 
of  sizes,  No.  10  B.  &  S.  to2,0(X),000  cir.  mils,  the  current  density 
{ifs)  and  the  ratio  of  the  outside  diameter  {D)  to  the  cross-section 
of  the  conductor  (5)  are  connected  by  an  equation  of  the  form 


log  (4-)  =  iVlog  (^)  +  5 


where  iV  is  a  constant  for  any  type  of  insulation  and  B  depends 
upon  the  temperature  rise. 

The  effect  of  the  surface  thermal  resistance  on  the  carrying 
capacity  has  been  shown  to  be  much  greater,  in  general,  than  that 
of  the  internal  thermal  resistance.  The  magnitude  of  the  surface 
losses  is  thus  of  great  importance  in  determining  the  current- 
carrying  capacities  of  insulated  cables. 

An  approximate  method  has  been  worked  out  for  calculating 
the  rates  of  heating  and  cooling  of  insulated  cables  from  the 
thermal  resistances  and  heat  capacities  of  the  materials  that 
enter  into  the  construction  of  the  cables.  Furthermore,  the  appli- 
cation has  been  indicated  to  the  determination  of  carrying  capac- 
ities under  intermittent  use. 

In  conclusion  the  author  desires  to  express  his  appreciation 
to  Eh-.  I.  Langmuir  and  Mr.  W.  E.  Robinson  for  their  active 
interest  during  the  progress  of  the  investigation. 
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Discussion  on  Group  I  Papers  (Heating,  Heat  Measure- 
ments, Rating  by  Heat),New  York,  February  26,  1913. 

Comfort  A.  Adams:  There  is  Jone  question  I  would  like 
to  ask  of  Dr.  Dushman,  concerning  Dr.  Langmuir's  paper. 
When  Dr.  Langmuir  first  published  his  work  on  convection, 
I  happened  to  be  interested  in  the  subject,  and  put  the  material 
into  such  shape  that  I  could  use  it  easily,  but  as  the  theory  was 
only  checked  by  tests  on  very  small  wires,  I  am  in  doubt  as 
to  the  validity  of  the  method  when  applied  to  large  wires  or  to 
plane  surfaces.  I  should  like  to  know  how  far  it  is  safe  to  go 
in  this  direction. 

S.  Dushman:  For  a  plane  surface  the  thickness  of  the  film 
is  about  0.4  cm.,  and  that  will  hold  practically  down  to  500,000 
cir.  mils  cable.  Below  that,  the  thickness  of  the  film  varies 
with  the  diameter  of  the  cable,  and  a  table  is  given. 

Comfort  A.  Adams:  Is  that  the  same  information  as  given 
in  the  paper  which  was  published  in  the  Physical  Review? 

S.  Dushman:     I  do  not  think  so. 

William  F.  Dawson:  I  would  ask  Dr.  Dushman  and  Dr. 
Langmuir  if  they  have  investigated  the  specific  heats  of  the  var- 
ious insulating  materials.  We  have  many  data  in  respect  to 
the  thermal  resistivity,  but  glancing  through  the  papers  I  see 
no  mention  of  the  specific  heat  of  the  insulating  materials.  The 
specific  heat  of  the  various  metals  is  fairly  well  known,  but  we 
do  not  seem  to  have  available  the  specific  heat  of  the  insulating 
materials,  and  that  certainly  is  very  important  in  determining 
the  rapidity  with  which  various  conductors  will  increase  in 
temperature. 

I  have  made  some  investigations  in  respect  to  crane  motor 
ratings,  and  found  that,  roughly,  the  thermal  capacity  could  be 
assumed  at  some  three  to  four  times  the  thermal  capac- 
ity of  the  copper,  but,  of  course,  that  is  entirely  empirical  and 
probably  not  very  accurate.  I  believe  it  was  Mr.  E.  H.  Rayner 
who  made  the  investigation  at  the  National  Physical  Laboratory 
in  1905  for  the  English  Standards  Committee  who  made  the 
broad  statement  that  the  specific  heat  of  insulation  material 
was  six  times  that  of  copper,  but  I  imagine  that  is  only  an  ap- 
proximation. 

Leo  Schuler:  When  the  International  Electrotechnical  Com- 
mission held  its  meeting  in  Zurich  in  January,  the  experiments 
made  in  this  country  with  regard  to  the  influence  of  room  tem- 
perature on  the  heating  of  electrical  machinery  were  brought  to 
our  attention  by  your  American  representative,  Mr.  Mailloux, 
who  is  here  present.  At  that  time  Mr.  Mailloux  was  under  the 
impression  that  the  influence  of  air  temperature  would  be  very 
much  higher  than  has  been  represented  in  the  papers.  As  we 
understood  from  Mr.  Mailloux,  your  experiments  have  shown 
that  a  machine  would  be  heated  at  a  lower  temperature  so  much 
more  than  at  a  higher  temperature  that  the  final  temperature 
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attained  by  a  machine  would  be  practically  the  same,  within 
certain  limits,  whether  the  air  temperature  is  high  or  low. 

C.  O.  Maillouz:     That  is  what  I  said. 

Leo  Schuler:  Between  the  limits  of  25  deg.  cent,  and  35  deg. 
cent,  air  temperature,  the  final  temperature  would  be  practically 
the  same.  However,  as  far  as  I  can  see  now,  this  is  certainly 
not  the  case.  If  it  had  been  the  case,  it  would  certainly  be  quite 
revolutionary  compared  with  the  former  ideas  we  had  on  that 
subject. 

The  members  of  the  Committee  in  Ziuich  were  also  of  the 
opinion  that  it  would  be  quite  rcvolutionar>',  and  that  therefore 
we  should  drop  all  discussion  on  the  subject  of  air  temperature. 
Now,  I  must  say  that  this  is  the  most  important  question  which 
I  thought  would  be  discussed  here,  and  I  should  like  to  have  some 
further  information  from  the  gentlemen  who  made  the  investi- 
gations in  regard  to  the  practical  results  they  think  their  in- 
vestigations will  have  on  the  Standardization  Rules  which  are 
now  to  be  adopted. 

As  far  as  I  have  seen  from  the  papers,  it  is  advised  to  leave 
a  correction  for  air  temperature  out  of  the  Standardization 
Rules,  and  simply  stick  to  the  present  practise,  at  least  to  our 
present  German  practise,  and  simply  add  the  air  temperature 
to  the  rise  and  do  nothing  else. 

There  is  another  question:  In  the  paper  by  Mr.  Skinner  al- 
lusion is  made  to  the  **  fog-laden  air,'*  but  there  is  not  much 
said  about  that  subject.  Am  I  to  understand  that  experiments 
have  been  made  with  fog-laden  air  and  that  the  cooling  of  fog- 
laden  air  is  much  higher  than  ordinary  air;  and  if  this  is  the  case, 
is  there  any  prospect  of  a  practical  application  of  this  method? 
One  would  think,  of  course,  that  the  fog-laden  air  would  very 
soon  destroy  the  insulation  by  exposing  it  to  the  moisture,  but 
I  have  seen  a  report  in  a  German  paper  that  in  America  exjeri- 
ments  are  being  made  to  use  fog-laden  air  for  the  more  effective 
cooling  of  electrical  machinery.  Perhaps  you  will  give  me  some 
information  on  that. 

M.  W.  Day:  With  regard  to  the  total  temperature  obtained 
under  different  room  temperatures,  the  question  was  raised 
at  one  time  whether  possibly  in  a  cold  room  the  motor  would 
rise  to  a  point  nearly  as  hot  as  in  a  hot  room,  but  that  is  far  from 
being  the  case.  The  fact  that  we  wished  to  bring  out  was,  that 
in  a  great  majority  of  these  cases  the  temperature  rise  in  a  hot 
room  was  less  than  it  was  in  a  cold  room,  but  not  enough  less 
to  make  the  total  temperature  the  same.  Take  the  case  which 
is  shown  in  Fig.  7,  where  one  machine  is  run  at  47  deg.  cent, 
and  the  other  at  24.5  deg.  cent.,  the  temperature  at  the  commu- 
tating  spool  has  20  deg.  rise  in  the  hot  room  and  22  deg.  rise  in 
the  cold  room.  That  is  a  semi-enclosed  motor.  Now,  with  the 
open  motor  without  fan  shown  in  Fig.  4,  in  one  or  two  cases 
the  reverse  of  this  rule  holds  true,  but,  take  for  instance,  the 
shunt  field  by  thermometer;  in  one  test  it  shows  32  deg.  and  in 


19131  DISCUSSION  AT  NEW  YORK  361 

Other  tests  about  33.5  deg.,  a  very  small  difference,  but  still 
enough  to  be  considered  when  we  come  very  close  to  meeting 
specifications. 

Turning  back  to  Fig.  1,  where  the  motor  is  totally  enclosed, 
there  is  a  greater  difference.  Take  the  case  of  the  armature 
where  the  room  temperature  was  4.5  deg.,  the  rise  of  the  arma- 
ture was  41  deg.,  and  where  the  room  temperature  was  25  deg., 
the  armature  rose  about  35  deg.  There  is  6  deg.  difference  in 
temperature  rise,  with  about  20  deg.  difference  in  the  room  tem- 
perature. About  the  last  of  the  year  we  sent  a  copy  of  this 
paper  to  Mr.  Mailloux,  so  that  it  might  be  considered  at  the 
meeting  of  the  International  Electrotechnical  Commission  in 
Zurich. 

H.  M.  Hobart:  I  had  charge  at  one  time  of  some  experiments 
in  fog-laden  air.  The  results  of  the  investigations  were  val- 
uable. I  am  not  prepared  to  disclose  the  results  but  I  will 
state  my  opinion  that  fog-laden  air  will  afford  a  commercially 
valuable  means  of  cooling  machinery.  When  we  have  learned 
to  take  advantage  of  a  very  great  number  of  little  points,  which 
are  necessary  to  success,  there  will  be  a  field  for  it. 

Leo  Schuler:  I  ask  whether  it  is  looked  upon  as  a  practical 
question. 

H.  M.  Hobart:  I  should  be  disposed  to  recommend  going 
much  further  with  it,  at  some  time  when  other  things  do  not  stand 
in  the  way. 

C.  O.  Mailloux:  I  would  like  to  make  clear  the  attitude  of 
the  delegate  from  America  to  the  International  Electrotechnical 
Commission,  which  I  do  not  think  was  made  clear  by  my  col- 
league, Mr.  Schuler.  At  the  time  of  my  departure  for  Zurich, 
there  were  only  two  of  the  papers  presented  here  today  which 
were  ready,  namely  the  one  by  Day  and  Beekman  and  the  one 
by  Steinmetz  and  Lamme.  These  papers  revealed  such  radical 
tendencies  and  promised  revelations  of  such  an  important 
character  that  I  felt  it  incumbent  upon  me  to  warn  the  Special 
Conmiittee  on  Rating  at  Zurich,  when  it  assembled  to  discuss 
the  question  of  rating,  not  to  go  too  fast  in  discussing  the  question 
of  ambient  temperature.  Feeling  that  the  vStandards  Committee 
had  a  great  deal  more  ammunition  up  its  sleeve,  to  use  a  figura- 
tive expression,  I  suggested  that  discussion  might  well  and  profit- 
ably be  postponed  by  the  International  Electrotechnical  Com- 
mission until  after  the  Midwinter  Convention  had  been  held, 
or  until  after  the  papers  which  had  been  promised  us  were  thor- 
oughly discussed;  but  the  Committee  did  not  coincide  with  me. 
They  did  not  seemingly  believe  the  Americans  were  quite  as 
wise  as  I  intimated,  and  they  were  skeptical  in  regard  to  the 
value  of  the  papers  and  their  discussion.  However,  by  way  of 
protest,  I  requested  the  privilege  of  abstaining  from  any  vote 
or  participating  in  any  formal  action;  and  there  was  inserted 
in  the  Proceedings  a  note  to  the  effect  that  the  American  delegate 
abstained  from  voting  on  this  question,  feeling  that  there  would 
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soon  be  made  public  in  America  the  results  of  important  re- 
searches which  would  call  for  very  radical  modifications  of  the 
rules.  That  is  the  way  the  record  stands  today.  The  position 
I  took  was  that  any  action  which  the  Commission  took  at  Zurich 
would  necessarily  be  subject  to  revision  and  would  have  to 
undergo  revision  of  a  more  or  less  radical  character,  after  the 
results  of  this  Convention,  including  the  papers  and  the  discussion, 
had  become  public. 

Charles  P.  Steinmetz:  Regarding  the  result,  that  the  tem- 
perature rise  at  higher  room  temperature  is  less,  I  would  say  that 
the  result  is  not  imexpected,  but  is  what  should  be  expected 
from  the  radiation  laws.  We  should  expect  from  the  radiation 
laws  that  the  higher  the  room  temperature  the  lower  is  the  tem- 
perature rise  at  the  same  energy  dissipation.  Unexpected  was 
the  result  of  the  single  set  of  experiments  which  led  to  the  rule 
prex'iously  formulated,  which  was  introduced  in  the  Standardiza- 
tion Rules  away  back  in  the  last  century,  when  the  experiments 
were  first  made.  The  results  were  introduced  into  the  rules, 
as  they  were  the  only  evidence  available  at  that  time.  Like 
many  other  things,  these  data  were  put  in  as  the  best  information 
available,  hoping  that  the  establishment  of  that  rule  would  lead 
investigators  to  study  it  and  give  us  more  exact  information. 
Unfortunately,  this  hope  was  not  realized  until  the  investigations 
which  are  being  published  today. 

W.  A.  Durgin:  Today's  discussion  of  permissible  insulation 
temperatures  has  emphasized  the  importance  of  obtaining 
reliable  means  of  getting  at  hot  spot  temperatures,  and  as  the 
first  group  of  papers  is  particularly  concerned  with  such  means, 
it  seems  that  each  should  receive  careful  consideration.  The 
central  station  company  with  which  I  am  connected  desires  to 
place  itself  on  record  as  being  in  favor  of  ascertaining  the  tem- 
perature of  large  imit  windings  by  exploring  coils. 

These  coils,  according  to  one  of  the  papers,  are  rather  fragile, 
expensive,  difficult  to  install  and  require  precise  measurement. 
Otir  experience  is  quite  the  reverse.  First,  as  to  fragility,  we  have 
installed  a  total  of  120  coils  in  ten  turbo-generators,  ranging 
in  size  from  8  to  20  megawatts.  Fourteen  of  these  coils,  or  12 
per  cent,  have  been  damaged  and  the  remainder  have  been  in 
service  from  one  to  4^  years,  the  average  age  of  all  coils  being  2^ 
years.  Some  of  these  are  installed  between  armature  coils,  some 
between  coil  and  iron  and  some  on  end  tiuTis.  The  expense  is 
negligible,  the  coils  being  wound  of  No.  30  double  cotton  covered 
wire  in  our  own  laboratory  and  usually  consisting  of  a  single 
layer  some  3  feet  long  and  1  inch  wide.  The  difficulty  of  installa- 
tion will  be  easily  met  if  you  use  the  thermometer  or  armature 
resistance  method  of  following  operating  temperatures  as  oppor- 
tunity will  be  presented  at  the  time  of  rewinding  your  machines. 
The  precision  of  measurement  required  is  at  most  merely  that 
of  a  Wheatstone  bridge,  while  there  are  at  present  on  the  market 
indicating  instnunents  which  may  be  permanently  connected 
to  the  coUs  to  give  the  operator  direct  temperature  readings. 
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The  value  of  these  coils  has  been  greater  than  we  first  expected, 
since  they  supply  a  ready  means  of  following  the  temperature 
of  the  machine  continuously,  thus  checking  the  condition  of  the 
ventilating  ducts.  The  operating  department  has  come  to 
depend  on  our  periodic  heat  tests  for  necessary  information  as 
to  when  to  remove  a  field,  clean  the  stator;  and  put  the  entire 
imit  in  first-class  condition. 

We  appreciate,  of  course,  that  any  exploring  coil  may  not 
and  probably  will  not  give  the  hottest  spot,  but  it  does  give  a 
temperature  which  is  strictly  related  to  that  of  the  conductor 
and  this  temperature  is  so  much  higher  than  that  shown  by 
either  the  mean  resistance  or  temperature  method  that  as  yet  we 
have  not  been  able  to  get  the  manufacturers  to  admit  its  appli- 
cab^ity  in  determining  the  rating  of  a  machine. 

For  all  these  reasons,  therefore,  we  wish  to  urge  that  in 
reformulating  the  Standardization  Rules  the  temperature 
coil  method  be  given  very  serious  consideration,  and  if  possible, 
presented  in  conjtmction  with  some  average  temperature  grad- 
ients for  the  various  classes  of  insulation  whereby  we  may 
determine  the  temperature  of  conductor  corresponding  to  the 
temperature  coil  indications. 

B.  G.  Lamme:  I  would  like  to  say  something  in  connection 
with  what  the  last  speaker  stated.  Last  month  I  presented  a 
paper  before  the  Institute  on  the  subject  of  turbo-generators, 
and  in  that  I  called  attention  to  the  fact  that,  in  large  turbo- 
generators, the  temperature  drop  from  the  hottest  part  to 
those  parts  which  were  accessible  to  measunng  instruments, 
was  often  excessive;  that  is,  there  might  be  rises  of  80  deg.  m 
the  slot  and  40  deg.  or  50  deg.  in  the  end  windings.  That  is 
a  class  of  machinery  in  which  the  temperature  drop  is  liable 
to  be  excessive  and  no  thermometer  or  resistance  measurement 
is  going  to  give  indications  which  are  worth  anything  unless 
you  know  approximately  the  internal  drops.  In  such  ap- 
paratus thermocouples  or  exploring  coils  give  a  much  better 
approximation  to  the  true  temperatures.  Such  devices  do 
not  give  the  hottest  temperatures,  but  they  locate  the  hot  parts 
and  give  an  approximation  of  temperature  at  those  points. 
In  certain  classes  of  machinery  where  internal  temperature  drops 
are  liable  to  be  very  high,  measuring  devices  of  that  sort  are 
advisable. 

M.  E.  Leeds:  As  the  importance  of  the  measurement  of 
hot-spot  temperatures  is  generally  admitted  and  the  two  methods 
of  making  these  measurements  which  seem  to  give  the  best 
results  are  by  means  of  thermocouples  and  exploring  coils  or 
resistance  thermometers,  it  would  seem  worth  while  to  consider 
the  relative  advantages  of  these  two  methods,  which  may  be 
summarized  as  follows: 

The  thermocouples  have  the  advantage  of  small  size  and  con- 
venience for  insertion,  low  cost,  and  small  likelihood  of  detcrioia- 
tion.    They  have  the  disadvantage  that  the  forces  available 
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for  measurement  are  very  small,  being  only  thirty  to  fifty  milli- 
volts per  degree,  and  require  unusually  sensitive  and  relatively 
expensive  apparatus  to  measure  them,  and  that  it  is  necessary 
to  make  a  cold-end  correction  which  is  such  that  the  scale  of  the 
indicator  does  not  read  temperatures  directly. 

Resistance  thermometers  have  the  advantage  that  the  forces 
available  for  measurement  are  relatively  large,  and  robust  in- 
dicating apparatus  having  moving  parts  and  general  construc- 
tion the  same  as  ordinary  moving-coil  switchboard  instruments 
with  an  open  easily  read  scale,  may  be  used;  no  correction  of  any 
kind  is  necessary  and  the  scale  of  the  indicator  reads  tempera- 
tures directly.  They  have  the  disadvantage  of  greater  first 
cost  when  calibrated  to  be  direct-reading  and  constructed  so  as 
to  insure  permanent  reliability. 

In  the  case  of  the  testing  laboratory  of  the  manufacturing 
plant  where  temperatures  are  to  be  measured  at  a  very  large 
number  of  points  and  where  laboratory  assistants  may  be  trained 
to  use  the  more  delicate  apparatus  and  make  the  necessary 
corrections,  it  is  quite  possible  that  thermocouples  will  be  more 
economical  in  spite  of  the  large  expense  of  the  reading  devices. 

In  the  case  of  operators  of  machines  where  the  number  of 
points  to  be  measured  is  small,  the  situation  is  a  different  one, 
and  the  resistance  thermometer  seems  to  have  decided  advan- 
tages in  that  the  temperature  may  be  read  directly  from  a  robust 
instnmient  like  other  switchboard  instruments  without  special 
attention,  manipulation  or  corrections  of  any  kind.  The  higher 
cost  of  the  parts  that  go  into  the  machine  is  to  a  very  large 
extent  offset  by  the  lower  cost  of  the  indicating  instrument. 
Should  the  service  require  it,  the  forces  available  from  a  resis- 
tance thermometer  are  large  enough  to  operate  a  simple  form 
of  recording  instrument  with  a  commutating  device  which  would 
automatically  record  in  succession  the  temperature  of  the  various 
parts  of  the  machine. 

I  notice  a  slight  mistake  in  the  paper  by  Chubb,  Chute  and 
Getting,  apparently  due  to  an  oversight,  in  the  statement  that 
the  exploring  coils  or  resistance  thermometers  must  be  calibrated 
for  the  particular  length  of  lead  with  which  they  are  furnished. 
This  is  not  the  case  for  either  three-  or  four-lead  construction. 
The  only  object  in  having  three  or  four  leads  is  to  compensate 
for  the  lead  wires,  and  this  compensation  is  rigid,  and  is  quite 
independent  of  the  length  of  the  leads. 

In  the  paper  by  Capp  and  Robinson  is  the  statement:  **  The 
practical  value  of  resistance  thermometers  for  high  tem- 
peratures is  doubtful.  Base  metal  couples  are  permanently 
changed  in  resistance  by  continued  use.** 

The  value  of  this  statement  depends  on  the  definition  of  high 
temperatures,  which  is  not  given.  There  is  a  very  considerable 
amount  of  data  now  available  to  show  that  properly  constructed 
resistance  thermometers  of  nickel  wire  do  not  permanently 
change  their  resistance  when  used  at  temperatures  under  250 
deg.  cent. 
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L.  W.  Chubb:  In  answer  to  Dr.  Lccd's  criticism  on  the 
relative  merits  of  the  thermocouple  and  the  resistance  coil, 
let  me  say  that  the  greater  sensibility  of  the  bridge  method  in 
measuring  w4th  the  resistance  coil  does  not  justify  its  use  when 
other  errors  of  great  magnitude  and  of  unknown  quantity  may 
creep  into  the  results.  For  instance,  resistance  coils,  consisting 
of  very  fine  nickel  wire,  are  very  easily  broken,  when  being 
installed  in  the  machine.  Also  if  you  are  to  use  such  exploring 
coils  to  measure  the  hot  spot,  you  must  put  them  where  there  is 
a  magnetic  field,  and  it  is  well  known  that  the  resistance  of  nickel 
is  not  the  same  in  a  magnetic  field  as  it  is  without  the  field. 

Recent  tests  with  such  exploring  coils  put  in  the  air  gap  of  a 
turbo  showed  2  deg.  cent,  jump  when  the  turbo  was  excited. 
This  was  not  an  inductive  kick,  but  a  change  in  the  resistance 
of  the  coil. 

The  thermocouple  can  be  put  right  where  you  want  it,  and 
quick  and  more  acciu*ate  readings  of  the  hot  spot  can  be  taken. 
There  are  no  errors  of  leads  and  it  is  not  subject  to  magnetic 
fields  in  the  slot  of  the  machine.  The  use  of  the  potentiometer 
is  advocated  when  using  a  thermocouple.  Portable,  self- 
contained  instruments  can  be  had  at  a  reasonable  price  and  they 
are  sufficiently  sensitive  to  read  to  a  small  fraction  of  1  deg. 
cent. 

L.  T.  Robinson:  I  favor  a  resistance  thermometer  over  the 
thermocouple  for  very  obvious  reasons;  it  is  an  easier  thing  to 
handle,  and  I  think  when  you  tack  a  potentiometer  on  to  any- 
thing it  is  hardly  a  commercial  device.  It  is  a  fine  thing  for 
research  work,  but  I  do  not  think  they  would  want  a  thing  like 
that  in  a  central  station.  I  do  not  see  anything  in  this  nickel 
coil.  There  is  no  necessity  for  it.  I  see  no  reason  why  copper 
winding  is  not  perfectly  satisfactory.  Possibly  it  may  be  true 
that  nickel  has  a  larger  temperature  coefficient,  it  also  has  a 
larger  resistivity,  and  that  means  a  coarser  wire,  and  you  can 
in  that  way  build  up  quite  an  argument,  but,  nevertheless, 
the  fact  remains  that  you  can  make  perfectly  satisfactory  copper 
coils,  that  all  the  cost  that  goes  into  them  is  the  labor  of  making 
the  coil  and  putting  it  in.  The  real  trouble  is  to  get  the  thing 
in  where  you  want  it,  without  doing  some  damage  to  the  machine, 
and  to  be  able  to  find  the  ends  after  you  have  it  there,  and  it 
has  been  there  a  while.  It  is  quite  a  problem.  It  is  introducing 
one  class  of  work,  that  is,  instrument  w^ork,  into  an  entirely  dif- 
ferent class  of  apparatus,  and  the  people  who  are  familiar  with 
preparing  and  insulating  windings,  etc.,  have  not  the  facility 
and  the  fingers  to  handle  the  small  temperature  coil,  and  they 
first  have  to  learn  how  to  handle  it,  before  it  will  be  a  real  com- 
mercial success. 

R.  F.  Schuchardt:  It  is  somewhat  astonishing  to  hear  a  dis- 
cussion of  exploring  coils  made  of  nickel  or  platinum,  when  copper 
coils  are  so  simple  and  successful. 

In  the  installations  Mr.  Durgin  referred  to,  where  we  have 
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90  per  cent  of  the  coils  installed  still  in  service,  we  made  them 
of  double  cotton  covered  No.  30  copper  wire,  winding  the  coil 
non-inductively  and  flat  with  a  thickness  of  a  single  conductor. 
We  placed  them  between  the  armature  coil  and  the  wooden 
wedge,  and  in  a  single  generator  we  installed  a  dozen  or  more 
coils  in  various  locations,  so  that  if  we  lost  one  or  two  because 
of  broken  connections  we  still  had  enough  to  get  satisfactory 
readings. 

There  is  another  point  in  connection  with  the  use  of  exploring 
coils,  in  generators  particularly,  which  is  of  great  importance. 
With  such  coils  installed,  we  can  easily  put  an  indicating  de- 
vice on  the  machine  which  will  tell  us  the  temperature  at  the 
point  of  measurement,  which  should  be  as  near  as  we  are  able 
to  get  it  to  the  probable  hottest  part. 

I  would  like  to  make  this  suggestion :  That,  while,  as  stated ,  it  is 
not  the  function  of  the  Institute  to  tell  manufacturers  how  to  get 
results,  we  can  very  properly  recommend  to  them  that,  as  they 
put  an  oil  gage  on  bearings  to  indicate  when  the  oil  level  gets 
below  the  safe  limit,  they  ought  also  to  attach  a  temperature 
indicating  device  so  the  operator  can  readily  know  when  the  safe 
limit  of  load  has  been  reached. 

Elmer  I.  Chute:  The  method  suggested  in  Messrs.  Reist 
and  Eden's  paper, of  artificially  creating  a  lag  in  the  thermometeis 
responsible  for  the  measurement  of  the  room  temperatiu*e,  some- 
what corresponding  to  the  natural  lag  in  the  apparatus  under 
test,  has  much  to  commend  it.  Constant  conditions  as  regards 
surrounding  air  in  tests  on  rotating  apparatus  are  much  to  be 
desired,  but  are  seldom  attained.  tJnder  varying  air  conditions, 
especially  in  tests  on  larger  machines,  some  such  device  should 
facilitate  the  obtaining  of  more  consistent  and  accurate  tempera- 
ture   rises. 

The  method  of  covering  thermometers,  when  temperatures 
are  to  be  taken  while  running,  is  without  doubt  the  most  impor- 
tant feature  in  connection  with  their  use  for  this  purpose.  On 
this  account,  the  first  table  given  in  this  article  should  be  of 
especial  interest  to  all  those  concerned  in  the  testing  of  rotating 
apparatus.  The  results  here  given  were,  in  certain  respects, 
so  foreign  to  the  experience  of  the  present  speaker,  based  on  com- 
parative tests  previously  taken  on  various  types  of  machines, 
that  additional  tests  were  undertaken  to  determine  if  possible 
wherein  the  discrepancy  lay.  This  discrepancy  consisted  chiefly 
in  results  given  in  this  table  for  temperatures  obtained  with  a 
covering  of  putty  for  thermometers  as  compared  with  a  covering 
of  felt  in  the  shape  of  a  small  thin  pad. 

Tests  as  outlined  by  the  authors  of  this  paper  were  made  and 
were  thoroughly  con  fumed,  that  is,  the  thermometers  protected 
by  the  putty  gave  from  5  to  8  deg.  in  80  higher  than  those  covered 
by  the  felt,  and  checked  within  j/^  deg.  of  the  true  temperature. 
The  true  temperature  was  determined  from  the  average  of  a 
number  of  readings  taken  around  the  coverings  by  a  small  quick- 
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acting  thermocouple  that  had  been  especially  checked  for  the 
occasion. 

It  was  thought  that  some  of  the  discrepancy  may  have  l>een 
due  to  the  felt  p^ds  being  affected  by  the  excessive  humidity 
of  the  surrounding  air  caused  by  the  proximity  of  the  boiling 
water,  so  the  same  test  was  repeated  with  electrically  heated 
grids  furnishing  the  required  temperature.  In  this  test  at  90 
deg.  cent,  the  two  methods  checked  within  3  deg.  of  each  other; 
the  one  covered  with  the  putty  still  giving  the  higher  tem- 
perature. 

TABLE  I 
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Tests  were  next  conducted  on  machines  themselves  in  actual 
operation.  These  tests  were  quite  numerous.  Table  I  gives 
a  few  of  the  results  obtained. 

Thermometers  covered  with  each  material  were  placed  in 
corresponding  conditions  and  the  true  temperature  obtained  in 
each  case  by  exploring  around  the  covering  or  pad  with  the 
thermocouple  previously  mentioned. 

The  expcTiments  so  far  conducted  indicate  that  the  discrepancy 
is  chiefly  due  to  the  amount  of  air  passing  over  the  coverings. 
The  heat  being  readily  transmitted  through  the  covering  of 
putty  enables  it  to  be  carried  off  rapidly,  while  in  the  case  of  the 
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felt  there  is  considerable  temperature  gradient  through  the  mater- 
ial. 

It  may  be  stated  that  after  shut-down  the  temperature  equal- 
izes to  some  extent,  although  the  thermometers  covered  with  the 
putty  seldom  reach  the  maximum  registered  by  those  covered 
with  the  pads. 

The  absence  of  all  mess  and  the  facility  with  which  the  felt 
pad  may  be  adapted  to  almost  any  location  on  either  windings 
or  laminations  are  strong  points  in  its  favor,  but  the  obtaining 
of  temperature  closely  approximating  the  true  temperature  is 
the  vital  point  to  be  considered. 

Charles  P.  Steinmetz:  The  exploring  coil  or  thermocouple 
is  very  valuable  in  certain  classes  of  machines,  that  is,  high- 
voltage,  high-power  generators,  while  in  other  machines  it  is 
not  applicable.  The  exploring  coil  or  thermocouple  has,  how- 
ever, two  disadvantages:  First,  in  those  machines  which  have 
one  coil  per  armature  slot,  it  does  not  show  the  hottest  spot, 
and  if  located  between  the  coil  and  iron,  it  shows  the  temperature 
outside  of  the  insulation,  which  may  be  much  nearer  to  the 
iron  temperature  than  to  the  copper  temperature.  If  lo- 
cated between  the  coil  and  wedge,  it  shows  a  temperature  the 
significance  of  which  it  is  practicably  impossible  to  interpret. 
Only  where  there  are  two  coils  per  slot,  and  the  exploring  coil 
is  located  between  the  two  coils,  then  it  comes  nearer  to  the 
copper  temperature,  but  may  be  higher  or  lower.  If,  in  addition 
to  the  results  shown  by  the  exploring  coil,  the  heat  resistivity 
of  the  insulation  is  known,  you  can  calculate  the  copper  tempera- 
ture from  the  indication  of  the  exploring  coil  and  the  flow  of  heat 
through  the  insulation,  provided  we  know  the  flow  of  heat — from 
the  copper  to  the  rest  of  the  machine.  This,  however,  we  do  not 
know.  We  could  only  know  this,  where  the  entire  heat  energy 
flows  transversely  through  the  insulation.  In  such  cases  we 
can  correctly  interpret  the  results  indicated  by  the  exploring 
coil.  But  where  a  large  part  flows  lengthwise,  then  the  exploring 
coil  temperature  has  no  simple  relation  to  the  copper  temperature. 
The  exploring  coil  is  mainly  valuable,  as  Mr.  vSchuchardt  pointed 
out,  as  an  indicating  device  giving  the  operating  engineer 
some  notion  of  the  temperature  condition  of  the  machine,  at 
any  moment.  But  it  does  not  give  us  the  much-desired  infor- 
mation where  the  hot  spot  is  and  how  hot  it  is. 

Leo  Schuler:  I  think  it  would  be  a  great  drawback  if  yon 
came  to  the  conclusion  to  prescribe  in  the  Standardiza{ion 
Rules  the  adoption  of  a  thermocouple  or  resistance  coil,  because, 
as  Dr.  Steinmetz  pointed  out,  you  will  probably  not  be  able 
to  fix  that  coil  at  the  hottest  point.  I  might  mention  an  ex- 
perience I  had  some  time  ago  on  a  5000-kv-a.  turbo-generator. 
It  was  prescribed  by  the  specification  that  the  temperature  of 
the  hottest  spot  should  be  measured.  One  would  expect  the 
hottest  spot  on  such  a  machine  to  be  the  center  of  the  stator 
coil  in  the  middle  of  the  machine,  and  we  therefore  put  a  thcmio- 
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couple  at  that  point.  As  a  matter  of  fact,  the  temperature 
measured  by  that  thermocouple  was  10  deg.  lower  than  the 
temperature  measiu^ed  by  the  total  resistance  of  the  coil.  As 
a  matter  of  fact,  it  was  a  cold  spot. 

This  was  easily  understood  later;  the  end  windings  of  the  ma- 
chine were  heavily  wrapped  with  insulating  tape  outside  and 
the  dissipation  of  heat  was  very  bad  there,  and  when  measuring 
by  a  thermometer  at  the  end  windings  you  got  a  much  higher 
temperature  than  at  the  so-called  hot  spots.  If  you  really  say 
in  your  new  rules  that  the  manufacturer  should  place  a  thermo- 
couple or  something  of  that  kind  on  the  hottest  spot  of  the  ma- 
chine, then  I  think  the  manufacturer  would  be  very  wise  to 
find  out  the  correct  place  for  that  coil. 

A.  E.  Kennelly :  I  want  to  say  that  I  noticed,  in  these  papers 
that  we  are  discussing,  that  there  are  various  inferred  absolute 
temperatures  of  copper,  from  233.3  to  238.  The  most  recent 
value  given  by  the  action  of  the  Bureau  of  Standards  and  which, 
I  understand,  is  likely  to  be  accepted  by  the  International  Electro- 
technical  Commission,  is  234.5.  That  is  an  easy  number  to 
remember. 

Another  point  is  that  the  unit  of  thermal  resistivity  is  given 
in  some  of  the  papers  as  watts  per  deg.  cent,  per  cu.  in.  That 
is  generally  admitted  to  be  inaccurate.  It  should  be  watts-inches 
per  degree  cent.;  or  watts  per  deg.  cent,  in  a  cubic  inch.  That 
is,  it  should  multiply  by  the  inch  and  not  divide  by  the  cubic 
inch.     This  is  important,  when  transferring  to  metric  measure. 

Another  point  is  that  one  of  these  papers  brought  out  to  us 
the  fact  that  at  lower  room  temperatures,  the  temperature 
increase  is  greater  than  at  higher  room  temperatures,  which  seems 
at  first  very  surprising.  We  are  accustomed  to  think  of  the  heat- 
ing effect  of  constant  current  strength  in  a  coil  of  copper  wire 
at  different  temperatures.  Here  the  PR  loss  increases  with 
the  room  temperature  and  the  temperature  elevation  may  be 
cxp)ected  to  increase  also  with  the  room  temperature. 

With  constant  power  input,  however,  or  with  constant  im- 
pressed difference  of  potential,  the  case  would  be  different — here 
wc  have  a  higher  temperature  reached  with  respect  to  surround- 
ing objects,  and  the  radiated  loss  increases  as  the  fourth  power 
of  the  absolute  temperature.  I  think  that  explains  the  fact, 
taken  in  conjunction  with  another  important  principle,  that 
])art  of  the  core  losses  diminish  as  the  temperature  goes  up.  The 
eddy-current  losses  diminish  as  the  temperature  goes  up,  and 
therefore  there  is  less  loss  at  a  higher  temperature  than  at  a 
lower  temperatiu*e. 

B.  G.  Lamme:  I  like  the  way  the  discussion  is  going  this 
evening,  because  it  is  so  nearly  in  lino  with  the  recommendations 
in  the  paper  on  temperature  and  electrical  insulation.  In  that 
paper,  we  recommended  certain  temperature  limits  obtained 
by  conventional  methods  of  measurement,  plus  an  internal  drop 
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which  cannot  be  measured  accurately.  If,  in  the  proposed 
conventional  methods,  thermocouples  or  resistance  coils  be 
included  as  one  class  of  thermometer  measurements,  then  our 
recommendations  for  determination  of  temperature  by  con- 
ventional methods  of  thermometer  and  resistance  will  hold  for 
all  kinds  of  apparatus.  In  those  cases  which  were  beyond  the 
limits  of  the  mercury  or  fluid  thermometer  the  thermocouple 
or  resistance  coil  could  be  used  instead.  The  method  proposed 
remains  the  same,  whatever  the  method  of  measurement.  This 
morning  apparently  there  was  considerable  disagreement  regard- 
ing our  proposed  method  of  getting  at  the  hot  spots.  This 
evening,  it  is  apparently  the  opinion  that  if  we  use  a  thermo- 
couple or  exploring  coil  in  a  high-voltage  armature  winding, 
and  thus  obtain  the  nearest  we  can  to  the  high  temperature  and 
make  a  reasonable  allowance  for  the  internal  drop,  the  result 
will  be  what  is  wanted; — but  that  is  just  what  we  proposed  this 
morning. 

I  wish  to  take  exception  to  one  statement  made  by  Mr. 
Robinson.  I  would  limit  the  use  of  exploring  coils  or  thermo- 
couples to  stationary  apparatus,  for  in  rotating  apparatus  ex- 
perience shows  that  such  devices  are  not  satisfactory  during 
operation,  as  some  moving  contact  must  be  inteq^osed  to  obtain 
readings  when  in  operation.  These  are  not  very  satisfactory, 
according  to  my  experience.  Moreover,  rotating  armatures 
represent  a  great  proportion  of  the  total  apparatus  on  which 
temperature  measurements  are  lo  be  made,  as  this  covers  all 
direct -current  armatures.  Therefore,  the  thermocouple  or 
exploring  coil  should  be  limited  to  stationary  apparatus,  or  to 
moving  apparatus  only  after  shut-down. 

L.  T.  Robinson:  I  am  willing  to  accept  Mr.  Lamme's  limita- 
tion for  rotating  members.     It  is  just  so. 

James  Burke:  We  have  been  considering  various  methods 
of  determining  hot  spots.  I  would  suggest  one  other  method — 
the  method  of  mind  reading  hot  spots.  In  applying  the  mind 
reading  method,  if  we  find  by  thermometer  we  have  40  deg. 
temperature  increase,  and  by  resistance  of  the  winding,  50  deg., 
then  we  can  say  by  mind  reading  that  the  probable  hot  spot  is 
60  deg.  If  by  thermometer  we  have  40,  and  by  resistance  55, 
we  may  conclude  that  the  hot  spot  is  70  deg.;  if  by  the  ther- 
mometer we  have  40  and  by  resistance  60,  we  may  conclude  the 
hot  spot  is  80  deg.  It  is  an  approximate  treatment  of  it,  but 
perhaps  comes  near  the  true  hot  spot  temperature.  It  does  not 
tell  us  where  the  hot  spot  is  and  it  does  not  tell  the  exact  truth, 
but  it  approaches  it. 

C.  P.  Steinmetz :  How  about  when  the  thermometer  reading 
shows  a  higher  temperature  than  the  resistance  method? 

James  Burke:  Then  we  can  conclude  that  the  thermometer 
reading  is  the  truth. 

Robert  Lundell:  I  wish  to  refer  to  the  increase  in  temperature 
of  machinery  in  hot  and  cold  rooms.     I  cannot  help  thinking 
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that  the  machines  which  were  tested  were  rather  inefficient  at 
the  low  loads y  that  is  to  say,  I  believe  the  losses  at  no  load,  and 
particularly  the  excitation  losses,  were  unduly  high.  Now,  if 
the  excitation  losses  had  been  very  small,  the  main  ciurent  PR 
losses  would  have  more  than  offset  the  decrease  in  watts  taken 
by  the  hot  field  in  a  hotter  room.  It  is  quite  clear  that  as  the 
temperature  runs  up,  the  shunt  coils  take  less  watts,  and  also 
that  the  core  losses  become  smaller.  The  windage  increases 
somewhat,  consequently  the  radiation  of  the  heat  is  better, 
but  I  believe  if  the  machines  had  been  designed  so  as  to  be 
highly  efficient  at  low  loads,  this  free  speed  current  would  be 
extremely  low,  and  I  believe  the  result  would  have  been  opposite 
to  what  it  was.  I  have  certain  machines  in  which  the  excitation 
only  amounts  to  one-third  of  one  per  cent,  and  I  believe  if  I 
make  that  same  test  on  those  machines  the  results  will  be  different, 
because  then  the  main  current  PR  losses  adjust  the  difference. 

F.  D.  Newbury  (by  letter) :  The  paper  brings  out  a  point 
of  importance  in  the  rating  of  electrical  apparatus  that  is  often 
overlooked,  thereby  leading  in  many  cases  to  positions  scarcely 
tenable.  I  refer  to  the  fact  that  the  only  important  temperature* 
is  the  maximum  temperature  of  parts  adjacent  to  the  insula- 
tion. There  is  such  a  large  factor  of  safety  required — 
representing  the  difference  between  the  measured  outside 
temperatiu"es  and  the  allowable  inside  temperatures — with  our 
present  methods  of  temperature  measurement,  that  the  results 
from  such  measurements  are  of  little  real  value  in  judging  a 
machine,  and  their  approximate  nature  certainly  does  not 
justify  a  rigid  adherence  to  the  limits  set. 

Mr.  Williamson's  paper  points  the  way  toward  a  more  rational 
basis  for  judgment,  but  the  assumption  made  that  all  of  the 
heat  from  the  copper  passes  through  the  slot  insulation  into  the 
laminations  mav  be  far  from  correct.  There  are  at  least  three 
paths  in  parallel  for  the  escape  of  heat  from  the  copper. 

1.  Through    the   insulation    to    the    laminations. 

2.  Through  the  insulation  and  wedge  to  the  cooling  air 
in  the  air  gap. 

3.  Through  the  length  of  the  copper  to  the  exposed  ends 
of  the  coils. 

The  division  of  the  flow  between  these  paths  follows  laws  anal- 
ogous to  the  more  familiar  laws  in  electric  circuits.  The  drop 
in  temperatiu"e  along  a  given  path  is  proportional  to  the  heat 
"  resistance  ''  of  that  path,  and  to  the  heat  **  current  *'  flowing; 
and  in  parallel  paths  the  heat  current  divides  inversely  with  the 
complete  resistances.  Or,  a  part  of  one  path  only  need  be 
considered,  in  which  case  the  flow  of  heat  will  be  determined  by 
the  resistance  of  the  partial  length  considered  and  the  difference 
in  temperature  (potential)  involved.  It  is  evident  that  if  the 
temperattu'e  of  the  tooth  laminations  is  equal  to  the  temperature 
of  the  copper,  no  heat  can  flow  from  one  to  the  other  and  there 
will  be  no  drop  through  the  slot  insulation.     In  that  case  all 
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of  the  copper  heat  will  flow  through  the  copper  to  be  liberated 
at  the  free  ends  of  the  coils  and  through  the  insulation  adjacent 
to  the  wedge.  This  condition  is  a]Dproximated  locally  in  many 
turbo-generators,  it  being  relatively  easy  to  secure  low  copper 
temperatures  and  difficult  to  secure  uniformly  low  core  tempera- 
tiu"es.  Or,  to  consider  the  opposite  extreme,  the  tooth  tempera- 
ture may  be  so  much  lower  than  the  copper  temperature  that  all 
of  the  copper  heat  will  flow  through  the  insulation  to  the  core. 
This  is  the  assumption  on  which  the  author's  formulas  arc  based, 
and  this  condition  is  approximated  in  the  short-circuit  test 
mentioned  by  the  author,  the  copper  loss  being  increased  56 
per  cent  above  normal  while  the  core  loss  is  negligible.  This 
explains  why  the  test  results  and  calculated  results  check. 
Similar  short-circuit  tests  were  made  more  than  a  year  ago  on 
a  14,000-kv-a.  generator  with  the  following  results: 

Short-Circuit  Test,  Normal  Current 

Actual  temperature  of  copper  52  deg. 

Temperature  outside  of  insulation  against  tooth  laminations 
34  deg. 

Drop  in  temperature  through  insulation  18  deg. 

Air  temperature  26  deg. 

The  same  generator  was  tested  on  open  circuit  and  normal 
voltage  with  the  following  results: 

Actual  temperature  of  copper  in  different  slots  42  deg.  to  49.5 
deg. 

Temperature  outside  of  insulation  in  contact  with  tooth  lam- 
inations in  one  slot,  45.5  deg. 

Drop  through  insulation,  minus  3.5  dog.  to  plus  4  deg. 

Air  temperature  29  deg. 

These  results  bring  out  very  clearly  the  difference  in  heat 
flow  with  different  distribution  of  losses. 

In  the  tests  referred  to  by  Messrs.  Chubb,  Chute  and  Getting 
(Fig.  2,)  the  effect  of  varying  relative  temperatures  on  tempera- 
ture drop  through  the  insulation  may  be  seen. 

In  test  A  (open-circuit  normal  voltage),  the  teeth  and  core 
are  of  higher  temperature  than  the  copper,  and  the  drop  through 
the  insulation  between  copper  and  tooth  laminations  is  minus 
one  deg.,  while  the  drop  through  the  insulation  between  the 
copper  and  fiber  wedge  is  plus  11  deg. 

In  test  C  (one-half  normal  current  and  full  voltage),  the  cor- 
responding **  drops  "  are  plus  3  deg.  and  plus  17  deg. 

In  test  E  (three-fourths  normal  current  and  nine-tenths 
normal  voltage),  in  which  the  total  temperatures  are  approxi- 
mately the  same  as  in  C  but  in  which  the  losses  are  differently 
distributed,  the  corresponding  drops  are  plus  9  deg.  and  plus 
14  deg.  These  figures  show  that  instead  of  the  drop  between 
copper  and  iron  sides  of  the  insulation  being  proportional  to  the 
copper  loss  as  in  Mr.  Williamson's  formulas  (2)  and  (3),  the  drop 
has  increased  faster  than  the  loss  (due  to  the  increased  flow  of 
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heat  caused  by  the  lower  core  temj^eralurc) :  that  this  drop  is 
much  less  than  results  from  these  formulas  (due  to  the  other 
paths  available  for  the  escape  of  heat), and  that  instead  cf  the 
surface  of  the  coil  adjacent  to  the  slot  wedjje  beinjr  ineffective 
in  dissipating  heat,  as  assumed  by  Mr.  Williamson,  it  is  more 
effective  than  the  surfaces  adjacent  to  the  laminations  on  which 
Mr.  Williamson  places  the  entire  burden.  The  reason  for  this, 
of  course,  is  the  lower  temperature  of  the  air  gap  side  of  the  fiber 
wedge  compared  with  the  temperature  of  the  laminations. 

The  general  method  advocated  by  Mr.  Williamson  is  much 
nearer  the  facts  than  methods  of  temperature  determination 
now  in  use,  but  to  be  of  practical  value  the  formulas  and  method 
of  calculation  must  be  based  on  assumptions  nearer  the  truth 
than  the  assumptions  made  by  the  author. 

If  the  method  and  formulas  developed  in  this  paper  are  used 
to  obtain  actual  copper  temperatures  from  the  measurements 
of  temperature  by  resistance  coils  or  thermocouples  outside  of 
the  slot  insulation,  the  results  will  be  entirely  misleading  except 
on  short-circuit  tests. 

B.  A.  Behrend :  The  question  whether  the  total  temperature  is 
affected  by  the  outside  temperature  is  of  great  importance. 
I  do  not  believe  in  the  most  plausible  and  lucid  explanation 
rendered  by  Dr.  Steinmetz  and  Dr.  Kennelly,  and  the  reason 
why  it  is  not  correct,  if  I  may  quote  Prof.  Adams,  is  that  the  radi- 
ation plays  so  small  a  part  in  the  cooling  of  the  modem  electrical 
apparatus,  that  the  beautiful,  simple  and  plausible  explanation 
is  altogether  too  beautiful,  too  simple,  and  too  plausible  to  be 
true! 

Comfort  A.  Adams:  I  specified  that  that  was  true  of  a  ma- 
chine with  normally  good  ventilation.  It  would  hardly  be 
true,  perhaps,  in  a  machine  totally  enclosed. 

Concerning  the  hot  spot  temperature  I  understood  Mr. 
Schuchardt  to  say  that  the  exploring  coils  were  placed  under 
the  wedges,  between  the  wedges  and  the  outside  of  the  insulation. 
The  drop  of  temperature  through  the  insulation  in  this  case  is 
certainly  such  as  to  render  the  results  of  tests  wide  of  the  mark. 
The  discussion  by  Mr.  Newbury  touches  upon  this  same  subject. 
I  cannot  quite  agree  vnth  him.  In  a  two-layer  winding,  where 
you  have  two  bars  separately  insulated  in  the  same  slot,  it  is  quite 
unlikely  that  much  of  the  heat  flowing  from  the  lower  bar  will 
pass  out  to  the  surface  by  way  of  the  coil  above  it  and  the  wedge. 
The  heat  flow  paths  are  in  that  case  practically  restricted  to  two, 
one  through  the  solid  insulation  and  the  iron  surrounding  it  and 
the  other  longitudinally  to  the  coil  ends.  In  a  long  core  such 
as  is  found  in  large  turbo-alternators,  say  70  in.  in  length,  it 
would  take,  in  order  to  carry  all  of  the  heat  longitudinally  along 
the  conductors  to  the  coil  ends,  a  difference  of  temperature  of 
from  50  to  100  deg.  cent,  between  the  center  of  the  conductor 
and  the  outer  end,  according  to  the  current  density  in  the 
copper.      This   difference   in    temperature  increases  with   the 
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square  of  the  length.  It  thus  seems  quite  unlikely  that  any 
considerable  amount  of  heat  flows  from  the  center  to  the  ends. 
It  seems  still  more  unlikely  that  an  appreciable  amount  of  heat 
flows  from  the  lower  coil  through  the  upper  coil  and  the  wedge. 
It  must  flow  largely  through  the  slot  insulation.  The  results  of 
Mr.  Williamson *s  computations  therefore  seem  to  be  quite  reason- 
able. 

R.  F.  Schuchardt:  Just  a  word  with  reference  to  Dr.  Adams's 
remarks  with  regard  to  the  location  of  our  exploring  coils.  It 
is  true  that  these  coils  are  laid  between  the  wooden  wedge  and 
the  outside  insulation  of  the  coil.  It  would  be  impracticable 
to  put  the  coil  directly  adjacent  to  the  high-tension  armature 
copper.  The  problem  is  to  get  the  exploring  coil  at  the  hottest 
point  most  practicably  accessible  and  then  allow  for  the 
probable  higher  temperature  inside,  and  that  is  the  reason 
we  set  80  deg.  for  the  measured  allowable  limit  instead  of  90 
deg.,  even  when  measured  so  much  nearer  the  hot  spot  than  is 
possible  with  old-time  methods. 

B.  F.  Behrend:  Suppose  that  the  designer  made  a  mistake 
and  used  a  very  heavy  piece  of  copper;  according  to  Mr.  Burke's 
method  of  mind  reading  he  would  add  10  deg.  for  it,  and  he  might 
equally  well  add  65  or  70  deg.  The  exploring  coil  may  just  as 
well  be  wound  inside  the  coil.  Coils  should  be  so  placed.  It 
will  help  the  designer  and  manufacturer,  on  the  one  hand,  and 
the  user,  on  the  other  hand;  it  would  settle  disputes  if  exploring 
coils  could  be  wound  inside  the  coil,  and  they  should  be. 

Comfort  A.  Adams:  It  seems  to  me  the  explanation  is  the 
milk  in  the  cocoanut,  so  far  as  the  discussion  we  had  this  morn- 
ing is  concerned,  and  explains  the  recommendation  of  Mr. 
Torch io  for  a  75  deg.  hot  spot  temperature,  because  his  measure- 
ments wore  made  apparently  where  the  tempeiature  was  al- 
together likely  20  deg.  or  more  lower  than  the  actual  hot  spot 
temperature  inside  of  the  insulation. 

Leo  Schuler:  I  ask  Mr.  Schuchardt,  when  he  made  the 
measurements  by  means  of  that  exploring  coil  which  was  out- 
side the  insulation,  whether  he  measured  the  same  coil  by  resist- 
ance, and  what    the    relation  of  the    two    temperatures  was? 

R.  F.  Schuchardt:  Our  results  showed  about  30  deg.  higher 
temperature  with  the  exploring  coil  measured  while  the  machine 
was  loaded  than  by  the  resistance  of  the  armature  coil  measured 
at  the  very  earliest  possible  moment  after  the  unit  was  shut 
down.  Of  course  the  armature  temperature  dropped  im- 
mediately when  the  load  was  removed  and  while  the  unit  was 
coming  to  rest. 

Leo  Schuler:     Outside  the  insulation? 

R.  F.  Schuchardt:    Yes. 

L.  W.  Chubb:  In  his  discussion  Mr.  Durgin  stated  that  his 
exploring  coils  were  placed  *,*  some  between  coils,  and  some  be- 
tween coil  and  slot  and  some  on  the  end  turns."  Mr.  Schuchardt 
states  that  these  same  coils  were  placed  **  between  the  armature 
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coil  and  the  wooden  wedge,"  and  adds  that  the  problem  is  to 
place  them  in  the  hottest  point  accessible. 

I£  the  coils  are  located  between  coils  as  Mr.  Durgin  states, 
the  ^difference  of  30  deg.  cent,  between  exploring  coil  and  tem- 
perature by  armature  coil  resistance  is  more  probable.  The 
temperature  difference  under  the  wedge  and  between  the  two 
coils  can  readily  be  seen  by  referring  to  the  full  load  test  shown 
under  D  in  Fig.  2  on  page  170.  Thermocouple  No.  17  shows  the 
temperature  under  the  wedge,  and  thermocouple  No.  19  the 
temperatiu-e  between  coils.  The  thermocouple  under  the  wedge 
is  near  the  cool  air  gap;  there  is  a  great  flow  of  heat  from  the  coil 
and  a  large  temperatiu^e  drop  through  the  insulation.  Thermo- 
couple No.  19  is  placed  where  there  is  little  heat  flow  through 
the  insulation  and  the  tcmperatiu^e  outside  of  the  insulation 
more  nearly  approximates  the  copper  temperatiu'e. 

W.  F.  Dawson:  I  should  like  seriously  to  propose  that  in 
those  machines  which  have  two-layer  windings  a  thermocoil 
placed  between  the  upper  and  lower  layers  will  probably  ap- 
proximate the  highest  temperature  in  the  machine.  The  outer 
coil  has  as  a  rule  a  greater  loss  than  the  inner  coil,  due  to 
Foucault  currents  generated  by  stray  flux  threading  the  outer 
conductor,  and  this  excess  loss  probably  about  compensates 
for  slightly  better  ventilation  which  the  outer  coil  receives  from 
proximity  to  the  air  gap.  The  temperatures  of  the  upper  coil 
and  the  bottom  coil  are  approximately  the  same,  and,  therefore, 
there  will  be  practically  no  exchange  of  heat  between  them. 
This  middle  point,  therefore,  should  approximate  the  maximum 
temperatiu-e  of  the  copper. 

Charles  P.  Steinmetz :  The  only  way  of  locating  and  measur- 
ing the  hot  spots  would  be  by  distributing  exploring  coils  all 
along  the  inside  winding  of  the  high -potential  coil,  but  today, 
when  all  station  operators  insist  on  spreading  high-tension  supply 
over  a  long  distance  and  controlling  it  by  low  voltage,  I  do  not 
think  there  would  beany  enthusiasm,  on  the  part  of  stations  which 
operate  at  11,000  and  13,000  volts,  to  employ  Wheatstone 
bridges  or  other  such  apparatus  to  measure  the  coil. 

As  regards  the  relative  conductivity  of  the  alternative  paths, 
we  are  at  cross  purposes  because  wc  speak  of  different  types  of 
machinery.  On  the  one  hand,  one  engineer  has  in  view  high- 
voltage  tiu*bo-generators  with  0.3  in.  thickness  of  insulation, 
and  a  coil  with  several  sq.  in.  of  copper  section,  where  the  heat 
production  is  very  large,  while  on  the  other  hand,  in  the  moderate 
or  low- voltage  machines,  with  small  coils,  the  conduction  along 
the  copper  may  be  negligible  compared  with  the  heat  conduction 
across  the  coil  insulation,  so  that  you  see  there  are  different 
classes  of  machines,  and  what  applies  to  one  does  not  necessarily 
apply  to  the  other. 

Alexander  Gray:  It  seems  to  me  that  if  we  put  resistance 
coils  next  to  the  copper  of  the  machine,  they  must  be  put  near 
the  neutral,  and  the  neutral  grounded. 
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There  is  another  point  of  some  interest.  In  a  machine  with 
a  two-layer  winding,  the  winding  being  well  laminated  so  that 
there  are  no  eddy  cturents  in  the  conductors,  the  temperature 
of  the  two  layers  is  the  same,  there  is  no  flow  of  heat  between  the 
upper  and  the  lower  layer,  and  therefore  a  thermocouple  placed 
between  these  layers  must  give  very  nearly  the  copper  tempera- 
ture, because  there  is  no  temperature  gradient  if  there  is  no  flow 
of  heat. 

I  want  to  record  the  case  of  a  large  machine  in  Montreal  which 
has  a  temperature  rise  of  40  deg.  cent.,  measured  by  thermom- 
eter on  the  ends,  and  a  temperature  rise  of  127  deg.  cent,  meas- 
ured by  the  resistance  coils  placed  between  the  upper  and  lower 
layers  of  the  windings.  It  is  a  machine  with  deep  conductors 
insulated  with  mica.  The  eddy  current  loss  in  the  deep  con- 
ductors is  very  large,  and  there  is  a  flow  of  heat  from  the  coil 
in  the  top  of  the  slot  to  that  in  the  bottom. 

B.  A.  Behrend:  If  Dr.  Steinmetz  means  that  it  is  necessary 
to  distribute  11, 000- volt  exploring  circuits  all  over  the  power 
house  in  order  to  get  the  inside  temperature  of  a  high-tension 
generator,  I  venture  to  say  that  his  statement  is  rather  audacious, 
because  you  might  easily  put  a  small  exploring  coil  in  one  of  your 
high-tension  coils,  and  bring  the  leads  back  to  an  instrument, 
which  you  might  attach  to  the  turbo-generator  in  a  manner 
similar  to  the  method  of  attaching  steam  gages  to  high-pressure 
steam  turbines,  without  carrying  high-tension  current  all  over 
the  power  house,  as  he  suggested. 

R.  B.  Williamson:  The  temperature  gradient  has  much  to 
do  with  hot  spots  in  a  long  generator.  The  gradient  through 
the  insulation  of  high-voltage  machines  is  higher  than  many 
realize,  and  in  machines  having  very  long  cores,  we  cannot  count 
on  much  heat  passing  from  the  center  of  the  machine  out  to  the 
end. 

As  Prof.  Adams  has  pointed  out,  the  difference  in  temperature 
necessary  to  set  up  a  flow  of  heat  from  the  center  to  the  end, 
increases  as  the  square  of  the  length.  Considering  the  center  of 
a  long  machine,  nearly  all  of  the  heat  liberated  in  the  copper 
must  pass  through  the  insulation  to  the  iron.  On  this  assump- 
tion it  is  possible  to  calculate  the  temperature  difference  between 
copper  and  iron  closely  enough  to  give  us  some  idea  of  the  prob- 
able internal  temperatures.  In  the  case  of  high-voltage  machine  s 
where  the  thickness  of  insulation  is  considerable  there  will  be 
a  relatively  high  temperature  gradient,  and  it  becomes  a  question 
to  decide  whether  it  is  better  to  use  lower  voltage  with  thinner 
insulation  and  use  step-up  transformers,  or  use  the  high  voltage 
with  accompanying  higher  internal  temperature. 

B.  G.  Lamme:  I  want  to  refer  to  one  point,  namely,  the 
measurement  of  temperature  of  high-voltage  armature  coils 
by  means  of  thermocouples  placed  inside  the  insulation.  I 
think  that  is  all  right  as  a  research  method,  or  one  for  determining 
temperature  gradients  in  general.     If  we  find  by  test  that  thermo- 
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couples  placed  between  upper  and  lower  coils  in  the  same,  slot 
in  a  high-voltage  machine,  give  practically  the  same  temperature 
as  thermocouples  located  inside  the  insulation,  then  we  have 
gotten  the  information  we  need  for  practical  purposes.  I  think 
therefore  that  the  use  of  thermocouples  inside  the  insulation 
would  be  for  the  purpose  of  calibration  only,  and  will  not  become 
a  conmiercial  method  of  measurement,  as  there  are  very  serious 
objections  to  such  an  arrangement. 

Prof.  Adams  has  spoken  about  the  very  small  amount  of  heat 
conducted  from  the  middle  of  a  turbo-generator  winding  to 
the  outer  end.  This  is  true  in  some  cases,  but  in  all  cases  there 
is  a  certain  amount  of  heat  conducted  out  which  serve,  s  to  reduce 
the  internal  drop  through  the  insulation  at  the  hottest  point. 
Considering  that  a  large  turbo-generator  may  be  50  deg.  hotter 
in  the  center  of  the  winding  than  in  the  end  winding,  my  cal- 
culations show  that,  except  in  very  extreme  cases,  the  longi- 
tudinal heat  conduction  is  an  item  which  should  be  considered 
in  the  calculations. 

James  Burke:  I  have  prepared  some  notes  on  the  papers 
now  under  discussion,  in  which  I  have,  I  think,  shown  that  all 
the  results  are  consistent,  that  the  corrections  for  difference  in 
temperature  of  the  surrounding  medium  can  be  made  and  can 
be  made  intelligently.  In  general,  the  results  shown  in  the 
tests  of  motors,  and  exploring  coils,  and  certain  experimental 
coils,  all  agree  with  each  other  within  a  very  close  margin. 
The  negative  and  positive  results  arc  to  be  expected,  and  I 
think  from  the  data  contained  in  these  various  papers  that  we 
will  be  able  to  determine  exactly  what  temperature  correction 
should  be  introduced  in  the  Rules.  I  think  that  a  temperature 
correction  is  necessary,  in  view  of  the  fact  that  one  of  these  papers 
states  specifically  that  certain  motors  fulfilled  a  temperature 
guarantee  in  summer,  and  failed  to  fulfill  the  guarantee  in 
winter,  and  on  retest  in  summer  fulfilled  the  guarantee  again. 
So  that  the  importance  of  temperature  correction  seems  to  be 
supported  by  the  facts  in  the  papers  now  before  us. 

James  Burke:  (by  letter)  In  the  paper  by  C.  P.  Steinmetz 
and  B.  G.  Lamme.  reference  is  made  to  temi)erature  corn'ction 
as  follows: 

**  The  variation  of  the  temperature  rise  has  heretofore  been 
considered  as  having  a  definite  relation  to  the  tem])erature  of 
the  cooling  medium.  However,  it  ap])ears  that  it  does  not 
follow  any  definite  simple  law,  but  it  is  sometimes  positive  and 
sometimes  negative,  so  that  no  satisfactory  correction  for  room 
temperature  is  possible  at  present." 

Also  the  following  recommendation  is  made:  **  No  tempera- 
tiu^e  correction  should  be  made  for  variation  of  the  cooling  tem- 
peratures from   the  reference   temperature   of  25  deg.   cent.'* 

From  the  number  of  very  interesting  papers  presenting  data 
on  this  subject,  it  would  appear  that  a  satisfactory  treatment  of 
this  temperature  correction  can  be  arrived  at,  and  it  seems  that 


378  HEAT  MEASUREMENTS  [Feb.  26 

the  apparent  confusion  from  the  correction  being  sometimes 
positive  and  sometimes  negative,  should  be  fully  explained. 

In  the  existing  rules,  temperature  correction  is  covered  by 
rule  No.  269,  where  it  is  stated  that  the  correction  is  "  On  account 
of  difference  in  resistance." 

The  adopted  standard  room  temperature  is  25  deg.  cent.,  and 
the  temperature  coefficient  for  the  resistance  of  copper  at  this 
temperature  is  given  in  appendix  E  of  the  present  Rules,  as 
0.00386  for  copper  of  100  per  cent  conductivity,  and  this  figiu'e 
seems  to  be  generally  used.  Taking  this  figure  as  a  basis  for 
correction,  it  would  appear  that  the  correction  should  be  0.386 
per  cent  per  deg.  instead  of  0.5  per  cent  as  in  the  present  rules. 

If  we  consider  a  condition  of  room  temperature  of  40  deg.  cent., 
which  is  15  deg.  above  the  adopted  standard  room  temperature, 
all  the  copper  resistances  will  be  5.8  per  cent  higher  than  at  the 
standard  room  temperature  of  25  deg.  cent.  For  all  copper 
carrying  a  constant  current,  as,  for  example,  the  shunt  field  of 
a  generator  in  which  the  exciting  current  is  kept  constant  for 
the  purpose  of  maintaining  constant  voltage,  the  watts  lost 
will  be  increased  by  5.8  per  cent.  In  the  shimt  field  of  a  motor 
operated  from  a  constant- voltage  supply  circuit,  the  result  of 
the  higher  resistance  due  to  higher  room  temperature  is  to  re- 
duce the  current  flowing  in  the  circuit,  and  the  watts  lost  in  the 
circuit  are  reduced  5.8  per  cent;  thus  wc  have  an  increase  in  the 
watts  lost  in  a  generator  field  and  a  decrease  in  the  watts  lost 
in  a  motor  field,  when  the  room  temi>erature  is  higher  than  the 
adopted  standard  of  25  deg.;  and  for  room  temperatures  of  40 
deg.  cent.,  the  difference  between  a  generator  field  and  a  motor 
field  is  11.6  per  cent.  If  a  generator  and  motor  were  directly 
comparable,  under  this  assumed  room  temperature  of  40  deg., 
if  the  temperature  increase  on  the  motor  field  is  50  deg., 
the  increase  on  the  generator  field  would  be  approximately  6 
deg.  higher,  or  56  deg.  cent.  If  the  value  of  the  cooling  medium 
is  constant,  wc  will  then  have  a  positive  correction  in  the  genera- 
tor and  a  negative  correction  in  the  motor.  If,  however,  the 
watts  lost  are  kept  constant  rather  than  the  current  or  the  volt- 
age, there  would  be  no  temperature  correction  if  the  value  of 
the  cooling  medium  remained  unchanged ,  because  in  maintaining 
constant  watts  the  increase  in  the  resistance  of  the  copper  would 
be  compensated  for  by  a  decrease  in  the  current  flowing. 

Sometimes  the  fact  is  misunderstood,  that  the  reason  for 
temperature  correction  is  due  to  change  in  watts  lost  on  account 
of  change  in  resistance,  occasioned  by  the  difference  in  tempera- 
ture. For  example,  in  the  paper  by  Blanchard  and  Anderson, 
page  296,  in  referring  to  their  curves  of  Fig.  3,  which  are  based 
on  keeping  the  watts  constant,  they  say:  "  The  variation  ac- 
cording to  these  curves  is  about  0.15  deg.  per  deg.  cent,  variation 
of  air  temperature,  in  the  opposite  direction  to  that  assumed  in 
the  present  Standardization  Rules." 

As  pointed  out  above,  there  would  be  no  temperature  correc- 
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tion  for  constant  watts,  but  there  would  be  a  positive  correction 
for  constant  amperes,  and  a  negative  correction  for  constant 
voltage  applied  to  a  coil. 

The  next  important  consideration,  is  variation  in  the  quality 
of  the  cooling  medium.  In  the  present  Rules  the  assumption 
seems  to  be  that  the  cooling  medium  is  constant,  or,  in  other 
words,  that  with  some  definite  watts  per  sq.  cm.  the  temperature 
increases  above  the  surrounding  air  would  be  the  same  with  air 
at  40  deg.  as  with  air  at  25  deg.  In  the  paper  by  J.  J.  Frank 
and  W.  O.  Dwyer,  entitled  Temperature  Rise  of  Stationary 
Induction  Apparatus,  it  is  shown  that  the  radiation  of  heat  is 
better  with  higher  surrounding  temperature,  and  taking  a  stand- 
ard temperature  of  25  deg.  cent.,  the  radiation  value  improves 
by  0.73  per  cent  for  each  degree  increase  in  surrounding  tempera- 
ture. In  the  same  paper  it  is  shown  that  the  convection  becomes 
poorer  with  higher  surrounding  temperature.  It  will,  therefore, 
be  evident  that  the  change  in  value  of  the  cooling  medium  will 
depend  upon  how  much  of  the  heat  is  taken  care  of  by  radiation, 
and  how  much  by  convection.  This  influence  is  shown  in  Fig. 
8  of  their  paper,  in  relation  to  tank  dissipation,  from  which  it 
will  be  seen  that  with  a  50  deg.  cent,  increase  in  temperature, 
the  correction  for  the  cooling  medium  is  as  follows: 

No  convection plus  0. 73  per  cent. 

Combined  radiation  and  convec- 
tion from  plain  cast-iron  sur- 
face  "    0.51  per  cent. 

Combined  radiation  and  convec- 
tion from  simple  corrugated 
surface "    0. 36  per  cent . 

Combined  radiation  and  convec- 
tion from  compound  corrugated 
surface "    0. 21  per  cent. 

The  foregoing  figures  are  based  on  stationary  surfaces,  without 
any  air  circulation  caused  by  the  moving  part  in  the  machine, 
or  caused  by  fan  for  forcing  air  through  the  machine.  With 
air  circulation,  the  proportion  of  heat  dissipated  by  convection 
increases  rapidly,  and  it  is  not  unusual  to  have  the  effect  of 
convection  ten  times  as  great  as  the  effect  of  radiation.  On 
the  compound  corrugated  surface,  if  by  air  circulation  the  con- 
vection is  made  four  times  as  great  as  the  radiation,  the  improve- 
ment in  radiation  due  to  higher  temperature  is  just  counter- 
balanced by  the  depreciation  in  convection,  so  that  the  value 
of  the  cooling  medium  becomes  constant.  In  the  same  way  it 
will  be  seen  that  with  the  simple  corrugated  surface,  when  ihe 
convection  is  about  seven  times  the  value  of  the  radiation,  the 
correction  becomes  zero  and  the  value  of  the  cooling  medium 
constant.  Similarly,  with  plain  cast  iron  surface,  when  the  air 
circulation  is  sufficient  to  make  the  convection  approximately 
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ten  times  the  radiation,  the  correction  becomes  zero,  and  the 
value  of  the  cooling  medium  constant,      i 

This  paper  by  Frank  and  Dwyer,  which  contains  some  valuable 
tests,  recommends  for  air-blast  transformers  a  correction  of 
one-half  of  one  per  cent  per  deg.  variation  for  25  deg.  cent., 
which  incidentally  is  the  same  correction  as  in  the  present 
A.  I.  E.  E.  Rules.  This  is  only  recommended  for  air  blast 
transformers  and  not  for  other  types  of  transformers. 

In  the  paper  by  Blanchard  and  Anderson,  the  test  shown  in 
Fig.  3,  ctirve  3,  for  air  pressure  of  760  mm.,  figures  out  a  negative 
correction  of  approximately  0.3  per  cent  per  deg.  This  is  for 
a  coil  suspended  in  still  air  and  is  probably  comparable  with  a 
simple  corrugated  surface.  The  deduction  which  I  have  made 
from  the  paper  of  Frank  and  Dwyer,  shows  for  a  simple  cor- 
rugated surface  a  negative  correction  of  0.36  per  cent  per  deg., 
so  that  it  is  a  substantial  agreement. 

In  the  paper  by  C.  E.  Skinner,  L.  W.  Chubb  and  Phillips 
Thomas,  entitled  **  Effect  of  Air  Temperature,  Barometric 
Pressure  and  Humidity  on  the  Temperatiu'e  Rise  of  Electrical 
Apparatus,'*  tests  are  given  on  a  coil  maintained  at  constant 
watts  of  approximately  32,  and  with  air  circulation  for  the 
purpose  of  cooling  the  coil.  These  tests  are  tabulated  in  table 
No.  1,  and  show  that  the  increase  in  temperature  of  the  coil  was 
practically  constant  throughout  a  range  of  temperatiu'e  of  the 
cooling  air,  of  from  30  deg.  to  64  deg.  If  the  coil  is  considered 
as  a  simple  corrugated  surface,  then  their  test  agrees  with  the 
deductions  which  I  have  made  from  the  paper  of  Frank  and 
Dwyer,  with  a  convection  value  of  seven  times  that  of  radiation. 
From  the  description  of  the  arrangement  for  this  test  and  the 
blower  for  putting  the  air  through  the  testing  box,  this  amount 
of  convection  in  relation  to  radiation  would  be  easily  expected, 
and  therefore  there  is  substantial  agreement. 

From  the  tests  of  Skinner,  Chubb  and  Thomas,  above  referred 
to,  where  they  show  practically  zero  correction  for  a  large  varia- 
tion in  air  temperature,  and  with  constant  watts,  it  is  evident 
that  if  this  coil  were  carrving  a  constant  current  it  would  have 
a  positive  correction  of  0.386  per  cent  per  deg.  cent.,  and  if 
it  were  working  under  a  condition  of  constant  voltage  applied, 
it  would  have  a  negative  correction  of  the  same  amount. 

The  paper  by  Maxwell  W.  Day  and  R.  A.  Beekman,  entitled 
"  Effect  of  Room  Temperature  on  Temperature  Rise  of  Motors 
and  Generators,"  shows,  some  interesting  tests  from  which  de- 
ductions can  be  made. 

The  results  given  in  this  paper  are  based  on  tests  which  appear 
to  be  at  constant  speed;  for  example.  Figs.  4,  5,  6,  7,  8,  and  9, 
are  all  marked  **  825  rev.  per  min."  However,  the  description 
of  the  test  shows  that  they  were  operated  at  constant  voltage. 
The  average  difference  in  final  temperature  of  fields  between  the 
low  temperature  test  and  the  high  temj)erature  test  in  each 
figure  is  about  21  deg.,  which  would  make  about  8  per  cent  differ- 
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ence  in  field  strength,  due  to  the  higher  resistance  and  con- 
sequently less  current  in  the  fields.  This  would  result  in  a 
speed  difference  of  approximately  4  per  cent.  As  most  of  these 
tests  were  with  fans  for  circulating  air  through  the  motor,  and 
apparently  the  fans  directly  connected  to  the  motor,  this  differ- 
ence in  speed  would  make  a  great  difference  in  the  amount  of 
air  circulated,  as  the  amount  of  air  circulated  by  a  fan  increases 
very  rapidly  with  increasing  speed  of  the  fan.  It  would  appear 
therefore,  that  at  least  part  of  the  negative  temperature  cor- 
rection in  all  these  figures  could  be  accounted  for  by  a  higher 
speed  of  motor  due  to  the  weaker  field  with  higher  temperatiu-e, 
and  consequently  increased  air  circulation. 

Taking  the  figures  from  Figs.  4  to  12  in  the  said  paper,  and 
considering  the  bearing  temperatures,  the  average  of  all  the 
bearing  temperatures  is  a  correction  of  minus  0.75  per  cent. 
If  these  bearings  are  considered  as  plain  cast-iron  surfaces,  we 
would  have  a  comparable  figure  from  the  deduction  made  from 
the  paper  of  Frank  and  Dwyer  of  minus  0.51  per  cent.  The 
probable  difference  in  speed  of  4  per  cent  would  make  a  difference 
in  torque  at  the  same  load  of  about  4  per  cent,  which  would  mean 
less  pressiu'e  on  the  bearings  and  consequently  negative  correc- 
tion. If  this  is  taken  at  0.2  per  cent  per  deg.,  which  is  figured 
from  the  average  temperatiu'e,  and  deducted  from  the  0.75  per 
cent  average  from  the  test,  the  difference  is  0.55  per  cei^  and 
is  comparable  with  the  0.51  per  cent  for  plain  cast-iron  surface 
referred  to,  thereby  approaching  substantial  agreement. 

Similarly,  the  average  of  all  frame  temperatures  gives  a  cor- 
rection of  0.46  deg.  per  deg.  and  agrees  very  closely  with  the 
0.51  per  cent  per  deg.  for  plain  cast-iron  surfaces. 

Considering  now  the  correction  for  shunt  field  by  resistance, 
averaging  all  the  tests  shown  in  Tabic  I,  we  get  a  negative  cor- 
rection of  0.31  per  cent  per  deg.,  and  similarly  the  average  for 
shunt  field  by  thermometer  is  0.389  per  cent  per  deg.  These 
figures  are  directly  comparable  with  the  present  A.  I.  E.  E. 
rules  of  0.5  per  cent  per  deg.,  which,  as  pohited  out,  if  based  on 
the  temperature  coefficient  of  copper,  should  be  0.386  per  cent 
per  deg.  The  average  of  the  two  methods  of  tests,  namely, 
by  resistance  and  by  thermometer,  is  0.354  per  cent  per  deg., 
which  is  very  close  agreement  with  the  temperature  coefficient 
of  copper,  namely,  0.386  per  cent,  and  can  be  considered  in 
substantial  agreement. 

In  the  paper  by  Day  and  Beekman,  an  attempt  is  made  to 
draw  some  average  from  commercial  tests,  for  example,  Fig.  13, 
which  shows  the  armature  conductors'  temperature  increase  on 
98  machines,  which  are  supposed  to  be  alike.  In  these  tests 
there  are  thirteen  machines  tested  at  20  deg.  cent,  room  temper- 
ature, and  the  tests  appeared  to  show  temperature  increases 
varying  from  23  deg.  to  38  deg.,  or  a  variation  of  65  per  cent 
in  the  increase  in  temperature.  Similarly,  in  Fig.  15,  out  of 
11  machines  tested,  at  a  room  temperature  of  20  deg.  cent., 
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the  shunt  field  temperature  increase  varies  from  22  deg.  to  45 
deg.,  or  over  100  per  cent  variation.  It  would  therefore  seem 
that  any  conclusion  of  averages  drawn  from  these  commercial 
tests  should  be  avoided. 

From  all  the  foregoing  and  from  the  information  contained 
in  the  various  papers,  it  would  seem  that  the  present  rules  can 
be  corrected  so  as  to  give  a  fairly  acctu*ate  basis  for  temperature 
correction.  The  argtmient  against  continuing  a  temperature 
correction  in  the  rules,  seems  to  be  that  it  is  too  close  a  refinement 
when  the  large  variations  in  actual  temperature  measurement  are 
taken  into  consideration.  Nevertheless,  the  great  importance 
of  accurate  determination  of  temperatures  w411  doubtless  bring 
about  more  care  in  this  direction  and  better  agreement  between 
tests  in  the  futiu^e,  and  probably  also  better  methods  of  taking 
temperatures.  As  pointed  out,  the  difference  between  a  dynamo 
field  temperature  and  a  motor  field  temperatiu'c  may  be  as  much 
as  six  deg.  at  a  surrounding  room  temperature  of  40  deg.,  and 
yet  have  no  difference  at  25  deg.  surrounding  temperature, 
and  it  would  seem  that  such  a  large  difference  should  not  be 
overlooked. 

The  importance  of  establishing  proper  niles  for  temperature 
correction  is  brought  out  very  strongly  in  the  paper  by  Day 
and  Beekman,  from  which  I  quote: 

"  h^  one  particular  case  some  motors  were  tested  in  the  sum- 
mer and  easily  met  the  specified  heating  limits,  but  when  the 
customer  installed  them  in  the  following  winter,  and  tested  them, 
some  of  the  heating  limits  were  exceeded,  while  on  re  testing  them 
again  in  the  following  summer  the  machines  again  easily  met 
the  specifications." 

Now  in  this  particular  case,  on  account  of  not  applying  proper 
temperature  corrections,  the  heating  limits  were  exceeded.  In 
other  words,  it  appears  that  the  machines  did  not  fulfill  the  speci- 
fications. This  might  have  been  a  cause  for  rejection  of  the 
machines,  and  yet  the  trouble  w^as  not  with  the  machines,  but 
was  in  not  having  a  proper  rule  for  correction. 

If  the  motors  in  question  were  totally  enclosed  machines 
without  forced  draft  ventilation  and  operated  in  a  summer  tem- 
perature of  35  deg.,  with  an  increase  in  temperature  of  50  deg., 
then  operated  in  a  winter  temperature  of  zero,  the  temperature 
increase  might  become  66  deg.  for  the  shunt  field,  on  account  of 
increase  in  watts,  due  to  more  current  flowing  in  the  shunt  fields, 
and  also  on  account  of  decrease  in  quality  of  the  cooling  medium. 
In  the  assumed  case,  the  correction  for  cooling  medium  was 
taken  at  the  same  as  for  plain  cast-iron  surface,  namely,  0.51 
per  cent,  which  would  probably  be  correct  on  account  of  being 
an  enclosed  motor  and  not  having  air  circulation  to  increase 
the  effect  of  convection. 

In  this  assumed  case  with  35  deg.  air  temperature  and  50 
deg.  increase,  the  ultimate  temperature  would  be  85  deg.,  whereas 
with  zero  air  temperature  and  an  increase  of  66  deg.,  the  ultimate 
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temperature  would  be  only  66  deg.  Therefore  the  motor  would 
be  perfectly  safe,  but  would  not  be  filling  a  temperature  specifi- 
cation of  50  deg.  increase,  unkss  some  temperature  correction 
were  applied. 

If  the  motor  in  question  was  not  a  fully  enclosed  motor,  or  if 
it  had  forced  circulation,  the  lower  temperature  would  result 
in  stronger  fields  and  probably  about  14  per  cent  difference  in 
the  amount  of  air  circulated  through  the  motor.  So  that  the 
temperature  increase  would  be  greater,  not  only  on  account  of 
increased  watts  in  the  field,  but  also  on  account  of  much  less 
air  being  passed  through  the  machine  for  cooling  it.  This  con- 
dition might  readily  result  in  the  shunt  field  having  an  excessive 
increase  of  temperature*,  compared  with  specifications,  unless 
some  temperature  correction  were  af)plied. 

Charles  P.  Steinmetz :  I  wish  to  say  that  when  the  Committee 
recommended  not  to  make  any  temperature  corrections,  it  was 
under  consideration  that  the  previously  used  temperature  cor- 
rection was  incorrect,  and  that  the  <^dence  thus  far  available 
shows  that  there  is  a  change  of  the  temperature  rise  with  the 
room  temperature,  but  that  no  law  has  yet  been  derived  from 
these  tests.  Since  we  have  not  yet  been  able  to  formulate  a  law,  all 
we  can  do  is  to  say  that  in  testing  we  shall,  as  closely  as  possible, 
try  to  get  the  room  temperature  near  the  standard  temperature. 

A.  E.  Kennelly:  I  think  it  is  a  very  interesting  fact  that  the 
Standardization  Rules  are  encountered  by  a  question  of  pure 
science  as  to  what  is  the  law  of  the  dissipation  of  heat  energy 
from  a  heat  body  of  a  given  form,  and  it  is  a  remarkable  fact, 
also,  that  whereas  steam  engineers  arc  constantly  investigating 
the  laws  of  heat,  for  determining  the  input  capacity  of  their 
machines,  in  order  to  utilize  the  heat,  we  are  faced  with  the  op- 
posite difficulty  of  finding  how  far  we  can  dissipate  heat,  and  get 
rid  of  it.  It  is  curious  that  heat  should  be  the  common  science 
in  which  we  both  find  limitations. 

In  regard  to  Dr.  Langmuir's  paper,  he  proposes  a  very  interest- 
ing method  for  determining  the  dissipation  by  convection  from 
a  hot  body.  He  proposes  to  consider,  for  example,  that  a  round 
stationary  wire  which  is  heated  by  an  electric  current 
carries  a  layer  or  sleeve  of  stationary  air  around  it,  that  the 
heat  is  conducted  through  that  stationary  layer,  and  then 
dissipated  in  any  manner  you  please  beyond  that  stationary 
sleeve.  This  hypothesis  is  likely  to  conflict  \\4th  fact.  We  think 
there  is  evidence  to  show  that  the  air  is  not  stationary  in  the 
immediate  neighborhood  close  up  to  the  hot  wire.  Dr.  Lang- 
muir's  formula  if  it  will  give  us  correct  answers  may  be  of  great 
value  to  us,  but  it  does  not  follow  that  the  physical  facts  are  in 
accordance  with  this  hypothesis,  even  if  the  formula  based  on  this 
hypothesis  gives  correct  results. 

In  regard  to  dissipation  of  energy  by  free  convection,  in  our 
paper  presented  before  the  Institute  three  years  ago  we  first 
showed  that  when  a  thin  wire  was  subjected  to  forced  convection 
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in  air,  quadrupling  the  speed  of  convection  doubled  the  con- 
vected  power,  and  that  has  been  since  corroborated  by  Prof. 
Norris  in  England.  It  was  later  discovered  in  the  archives  of  a 
French  society  that  Boussinesq  had  originated  a  formula  leading 
to  this  result.  Dr.  Russell  has  recently  developed  Boussinesq*s 
formula  in  practical  form,  and  has  shown  that  the  heat  should 
dissipate  as  the  square  root  of  the  pressure  as  well  as  the  square 
root  of  the  velocity.  We  have  lately  checked  this  by  experi- 
ments not  yet  published. 

L.  W.  Chubb:  In  our  paper  on  temperature  rise,  the  curve  of 
Fig.  2  shows  a  constant  rise  at  all  temperatures.  This  result 
seems  to  be  somewhat  contradictory  to  some  of  the  other  papers. 
In  these  tests  the  temperature  of  the  walls  was  kept  the  same  as 
that  of  the  cooling  air,  and  if  there  is  any  difference  in  convection 
due  to  the  change  in  the  viscosity  of  the  air,  this  difference  must 
be  small,  with  forced  convection,  and  be  offset  by  the  fourth 
power  law  of  radiation  through  equal  range  of  temperature  at 
higher  temperatures,  witMIn  the  range  of  temperature  shown. 

In  the  tests  the  ratio  of  dissipation  by  convection  to  radiation 
was  very  high,  and  if  there  is  any  great  difference  in  convection 
at  different  temperatures,  it  would  certainly  more  than  offset 
the  change  in  radiation. 

The  same  apparatus  illustrated  was  changed  so  that  the 
cubical  box  consisted  of  glass  plates.  In  this  case  the  radiation 
to  outside  objects  at  ordinary  temperatures  caused  a  much  lower 
temperature  rise  above  the  circtilating  air,  when  the  air  was 
at  high  temperature.  This  shows  that  corrections  of  temperature 
rise  should  not  be  based  on  air  variations  from  25  deg.  cent, 
alone,  and  that  the  temperature  of  surrounding  walls  and  objects 
will  have  a  greater  influence  than  the  air  variations. 

If  corrections  are  to  be  based  on  variations  of  air  temperature 
alone  the  manufacturer  can  profitably  entertain  his  customer's 
witness  in  a  palm  garden  and  do  his  testing  in  a  glass  conserva- 
tory where  the  air  temperature  will  generally  be  high  and  most 
of  the  radiation  will  be  to  space  at  absolute  zero. 

Selby  Haar:  Dr.  Langmuir  gives  a  number  of  data  on  ther- 
mal conductivities  and  resistivities  of  various  materials,  but  I 
believe  he  has  overlooked  a  series  of  researches  by  a  German 
physicist,  Dr.  Nusselt,  whose  method  seems  to  be  quite  worthy 
of  study.  He  used  two  concentric  spheres  between  which  he 
put  the  heat  insulator  which  was  under  investigation,  and  he 
also  was  able  to  study  the  differences  in  the  heat  resistivities  at 
various  temperatures. 

Leo  Schuler:  In  regard  to  the  influence  of  air  temperature 
on  the  rise  of  temperature,  Mr.  Burke  says  that  he  has  worked 
out  a  method  of  taking  this  into  consideration.  According  to 
theory,  and  also  according  to  the  experiments  shown  in  the  paper, 
the  influence  of  air  temperature  will  be  the  more  pronounced 
the  more  heat  is  taken  away  by  radiation,  though  the  difference 
will  probably  be  greater  in  an  enclosed  motor,  as  is  also  shown  in 
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the  paper,  while,  for  instance,  in  the  large  turbo-generator 
where  all  the  heat  is  taken  away  by  convection,  by  air,  there 
will  be  practically  no  difference.  Could  not  Mr.  Burke  give  us 
some  idea  how  he  proposes  to  take  this  into  consideration  for 
the  correction  to  be  made  in  the  rules? 
James  Burke :  That  is  coveted  in  my  written  discussion. 
E.  W.  Stevenson:  Dr.  Kennelly  was  the  author  of  a  very 
useful  and  interesting  table,  published  twenty-five  years  ago, 
upon  the  carrying  capacities  of  cables,  in  which  he  laid  particular 
emphasis  upon  the  fact  that  a  dull  black  color  on  the  outer  sur- 
face made  the  carrying  capacity  of  the  conductor  very  much 
more  than  what  it  was  if  it  were  polished  or  bright. 

I  would  like  to  ask  Mr.  Dushman  whether,  in  making  his  experi- 
ments, he  tried  the  value  of  the  different  colored  pigments  on 
the  outside  of  cables  carrying  overload  currents,  and  if  in  doing 
so  there  were  any  differences  in  the  carrying  capacity  of  these 
cables.  Of  course,  it  is  understood  that  these  cables  are  all  hang- 
ing in  the  open  air.  It  is  possible  there  would  be  no  difference 
with  cables  lying  in  ducts,  whatever  their  color  is. 

R.  W.  Atkinson:  I  wish  to  confirm  what  has  been  said  by 
Mr.  Dushman  about  specific  heats.  We  have  looked  up  data 
for  a  good  many  materials  and  have  tested  a  ntunber  of  others, 
and  find  these  figures  are  closely  the  same  for  the  different 
materials  and  about  of  the  value  given. 

I  wish  to  mention  that  we  have  obtained  considerable  addi- 
tional data  since  preparing  this  paper,  which  will  be  published 
in  the  Transactions  in  a  form  which  will  make  our  data  of 
much  more  practical  use.  I  wish  further  to  state  what  has  been 
the  basis  of  the  formulas  and  equations  which  we  have  given 
here.  These  are  all  a  result  of  actual  tests;  careful  measurements 
have  been  made  with  thermometers  and  thennocouples  of  the 
temperature  rise  of  many  different  sizes  and  types  of  cables. 
Per  convenience,  greater  accuracy,  and  brevity  we  put  these 
in  the  form  given  in  our  paper. 

R.  W.  Atkinson  (by  letter) :  In  order  that  the  constants ''  a  " 
and  *'  b''  on  pages  327  and  328  may  be  compared  with  other 
constants  which  are  presented  at  this  time,  we  may  state  that 
they  correspond  to  a  thermal  restivity  of  approximately  1000 
cent,  degrees  per  watt  per  centimeter  cube,  and  to  1200  de- 
grees per  watt  per  square  centimeter,  respectively.  The  neg- 
lecting of  temperature  coefficient  in  the  formulas  means  that 
we  assume  that  the  negative  temperature  coefficient  of  heat 
resistance  approximately  balances  the  coefficient  of  copper 
ohmic  resistance. 

Since  preparing  our  paper,  we  have  made  a  number  of  further 
tests,  and  have  correlated  our  results  so  that  they  may  be  con- 
veniently applied  to  determining  the  temperature  of  cables 
installed  in  underground  conduit  systems.  We  are  gi\'ing  these 
data  for  predetermining  both  the  ultimate  temperature  rise 
and  for  determining  the  temperature  with  loads  of  comparatively 
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short  duration.  Reference  will  be  found  in  what  follows  to  so 
of  the  other  papers  presented  at  this  Midwinter  Convention,  j 
also  to  a  paper  bv  C.  T.  Mosman  published  in  the  1912  Trans 
TiONS,  Vol.  XXXI,  Part  I.  pa^e  755. 

The  formulas  and  equations  which  we  have  Riven,  and 
tables  which  we  give  herewith,  with  one  exception  which  will 
mentioned,  are  a  result  of  direct  test,  careful  measureme 
having  been  made  with  thermometers  and  thermocouples,  i 
a  few  by  rise  of  resistance  method,  of  the  temperature  rise 
many  different  sizes  and  types  of  cables.  For  convenience  i 
brevity,  and  to  increase  the  range  of  application,  we  have 
these  in  the  form  given. 

Table  III,  herewith,  shows  the  current  necessary  to  produc 
rise  in  temperature  above  surrotmdings,  of  25  deg.  cent., 
cables  insulated  with  1/8-in.  (3.17-mm.)  saturated  pai)er  ; 
covered  with  a  bright  new  lead  sheath.  The  constants  used 
those  just  mentioned.  The  rise  of  temperature  of  a  cable  ab 
a  duct  wall  surrounding  it  is  the  same  as  the  rise  of  the  s£ 
cable  in  free  air.  This  is  indicated  in  the  theory  given  in  La 
muir's  paper  and  is  also  borne  out  by  tests  made  by  us. 
stated,  the  value  assigned  to  a  is  correct  for  a  new  bright  shej 
either  in  air  or  in  conduit.  This  value  indicates  that  the  ra< 
tion  from  the  sheath  is  about  one-third  of  that  from  a  per 
"  black  body."  Painting  the  sheath  black  will  reduce 
temperature  rise  of  the  sheath  from  20  per  cent  to  25  per  c 
below  the  value  used  in  the  table.  It  is  indicated  by  Langmt 
theory  that,  depending  upon  the  relation  in  size  of  the  cable  ; 
the  enclosing  duct,  the  rise  of  the  sheath  might  be  increa 
slightly  or  considerably  reduced  below  the  value  given,  but 
do  not  believe  either  condition  likely  to  become  imports 
The  value  given  for  6  is  a  safe  value  for  ordinary  paper  or  \ 
nished  cloth  cables.  Our  tests  show,  in  most  cases,  a  ris< 
copper  above  lead  of  10  per  cent  or  15  per  cent  less  than  t 
but  it  is  believed  that  this  value  is  as  low  as  it  is  safe  to  use.  ' 
value  given  for  varnished  cloth  by  Dushman  is  25  per  cent  lo 
than  this.  The  same  author  gives  a  value  for  rubber  which  ij 
per  cent  of  the  value  given  here  for  paper.  Table  III  should 
used  as  given,  for  ordinary  cases,  and  for  those  cases  where  i 
not  necessary  to  use  absolutely  the  maximum  allowable  capac 
The  values  given  will  always  be  safe  for  the  thickness  of  insi 
tion  given.  Table  IV  gives  correction  factors  for  various  thi 
nesses  of  insulation  and  shows  how  the  total  differences  of  t< 
perature  between  copper  and  the  surroundings  of  the  C£ 
are  distributed,  and  thus  makes  it  possible  to  make  use  of 
correction  factors  given  above  where  it  is  desirable  and  necessi 
It  will  be  noted  that  the  total  temperature  rise  is  very  ne^ 
constant  with  the  various  thicknesses  of  insulation  given. 

Tables  V  and  VI  correspond  to  tables  numbered  III  and 
respectively,  tables  numbered  V  and  VI  being  for  three-conduc 
cables. 
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Having  now  the  temperature  rise  of  the  copper  of  cable  above 
the  duct  walls,  we  will  give  data  for  determination  of  the  rise  of 
the  duct  walls  above  the  surface  of  the  earth.  On  accoimt  of 
the  many  variations  which  may  occur  with  different  types  of  duct 
system  and  laid  in  different  kinds  of  earth  which  is  itself  at 


TABLE  III.— SINGLE-CONDUCTOR  CABLE 

CURRBNT  RbQUIRBD  TO  PRODUCB  25  DbG.  CbNT.  RiSB  AbOVE  SURROUNDINGS.  AND 

Watts  Lost  Per  Foot 


Size  B.  &  S.  G. 

Cir.  mils 

Current  in 

Watts  lost  per  foot  at  66  deg. 

amperes 

cent. 

14 

22 

1.45 

13 

26 

1.58 

12 

29 

1.59 

11 

34 

1.58 

10 

38 

1.66 

9 

44 

1.86 

8 

51 

1.97 

7 

58 

2.00 

6 

67 

2.03 

5 

77 

2.14 

4 

89 

2.21 

3 

103 

2.31 

2 

119 

2.51 

1 

138 

2.58 

0 

159 

2.90 

00 

185 

3.12 

000 

215 

3.37 

0090 

250 

3.62 

1     250.000 

279 

3  75 

300.000 

314 

3  98 

1     400.000 

381 

4.40 

!     500.000 

442 

4.74 

600.000 

501 

5.07 

700.000 

555 

5.30 

800.000 

610 

5.61 

900,000 

1      661 

5.90 

1. 000.000 

712 

6.15 

1.100.000 

759 

6.32 

1.200.000 

807 

6  55 

1.300.000 

S.'il 

6.73 

1    1,400.000 

895 

6  95 

1,500.000 

941 

7.17 

1,600.000 

9H4 

1          7.34 

1,700,000 

1024 

1          7.50 

1.800,000 

1063 

7.58 

1,900.000 

1112 

7.89 

2.000.000 

•      1149 

7.94 

3.000,000 

1500 

9.10 

1 

5.000.000 

2100 

11.6 

various  and  somewhat  unknown  temperatures,  we  believe  that 
a  direct  measurement  of  duct  temperature  in  combination  with 
the  data  given  above  is  the  j)ractical  method  of  determining 
temperatures  of  existing  installations.  For  purposes  of  previous 
calculations  of  new  installations,  wc  ]jresent  herewith  results  of 
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tests  in  a  fonii  for  futtire  use.  Tests  recently  made  by  us  show 
a  difference  of  temperature  between  the  inner  and  outer  walls 
of  a  terra  cotta  duct  0.8  in.  (2  cm.)  in  thickness  to  be  0.35  deg. 
cent,  per  watt  of  actual  loss  per  foot  length  of  conduit.  These 
tests  were  made  upon  3J-in.  (8.25-cm.)  conduits,  the  differ- 
ence in  the  temperature  given  being  that  through  a  single  wall. 
We  may  thus  consider  that  the  temperature  of  the  outside  wall 
of  the  duct  is  lower  than  the  temperature  of  the  inner  wall  by  0 . 7 
deg.  cent,  per  watt  per  foot.  This  is  on  the  assumption  that  the 
heat  from  the  cable  is  radiating  freely  from  each  of  the  four 
walls.  In  order  to  measure  the  temperature  of  the  duct  walls 
surrounding  any  cable,  it  is  necessary  only  to  measure  the  tem- 
perature in  an  adjacent  idle  duct  at  the  same  distance  from  the 
outside  of  the  conduit  or  the  temperature  of  a  duct  adjacent  but 
nearer  the  center  of  the  conduit  system.    In  the  former  case,  the 


TABLE  IV.     SINGLE-CONDUCTOR  CABLE 

A — Rise  in  temperature  attained  with  current  in  Table  III. 
B — Rise  of  sheath  in  per  cent  of  total  rise. 


Sise 

Cir.  mils. 

4/32  Paper 

8/32  Paper 

16/32  Paper 

A                 B 

A                 B 

A                 B 

B.  ftS.G. 

Deg.  cent  Per  cent 

Deg.  cent.  Per  cent 

Deg.  cent. 

Per  cent 

14 

25       52 

25.6      36 

11 

25       56 

25.7      38 

27.4 

.   23 

8 

25 

59 

25.8      41 

2 

25 

66 

26.4      47 

0 

25 

68 

26.5      50 

30  1 

32 

0000 

25 

70 

26.9      52 

500.000 

25 

73 

27.5      56 

1.000.000 

25 

75 

28.2      58 

33.6 

38 

2.000,000 

25       76 

29     >   60 

i 

temperature  of  the  idle  duct  will  be  lower  by  not  more  than  a 
very  few  degrees,  which  can  be  estimated  from  the  data  just 
given,  and  in  the  latter  case  the  temperature  of  the  idle  duct  will 
be  very  nearly  the  same  as  the  walls  of  the  working  duct.  A  still 
more  satisfactory  way  of  measuring  the  temperature  of  the  duct 
wall  is  to  make  the  measurement  actually  within  the  working 
duct,  but  after  cutting  off  the  current  from  the  cable  within,  for  from 
one-half  hour  to  two  hours.  This  is  allowable  on  account  of  the 
great  amount  of  time  required  by  the  duct  system  to  change  in 
temperature  as  compared  to  the  time  required  for  the  cable  to 
.change.  If  measurement  of  cable  within  a  working  duct  is 
taken  when  there  is  a  great  difference  between  the  temperature 
of  the  sheath  and  the  temperature  of  the  duct  walls,  it  is  obvious 
that  it  is  not  known  which  temperature  is  being  measured. 
With  any  number  of  cables  distributed  throughout  any  duct 
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system,  the  rise  of  the  system  above  the  surface  of  the  earth  is 
quite  dosely  proportional  to  the  total  energy  dissipated  in  all 
(rf  the  cables.  With  any  given  type  and  size  of  conduit  construc- 
tion, we  may  say  that  the  temperature  rise  of  the  system  is 
equal  to  a  certain  number  of  degrees  per  watt  lost  per  foot  of 
duct  structtire.  The  tests  previously  referred  to,  made  by  one 
of  the  authors  at  Niagara  Falls,  indicate  that  the  rise  in  tem- 
perature of  the  outer  duct  of  a  12-duct  system  is  equal  to  0.67 
deg.  cent,  per  watt  loss  per  foot  of  structure.    The  rise  in  tem- 


TABLE    v.— THREE-CONDUCTOR   CABLE    INSULATED    WITH  3/32 

PLUS  3/32  PAPER 

CuRRSMT  Rbquirbd  TO  PRODUCE  25  Dbg.  Cbnt.  Risb  Abovb 

Surroundings 


Sise 

Cir.  mils 

Current 
in  amperes 

Watts  lost  per  foot  at  66  deg.  cent. 

14 

17 

2.6 

13 

19.5 

2  7 

12 

22 

2.7 

11 

25 

2.8 

10 

29 

2  9 

9 

33 

3.1 

8 

38 

3.3 

7 

43 

3.3 

6 

50 

3.4 

5 

57 

3.5 

4 

66 

3.7 

3 

76 

3.8 

2 

88 

4.1 

1 

101 

4.3 

0 

117 

4.7 

00 

136 

5.0 

000 

158 

5.5 

0000 

183 

5.8 

250.000 

204 

6.1 

300.000 

231 

6  5 

400.000 

278 

7.0 

500.000 

322 

7.5 

600.000 

363 

8.0 

700,000 

402 

8.3 

800.000 

438 

8.6 

perature  of  a  duct  not  adjacent  to  the  earth  may  be  taken  as 
0.8  deg.  per  watt  loss.  Mosman's  tests  (A.  I.  E.  E.  Trans. 
Vol.  XXXI,  p.  771)  give  data  for  calculating  the  temperature  rise 
of  a  conduit  system  containing  81  ducts.  This  is  a  fibre  conduit 
laid  in  concrete.  The  center  duct  contained  no  cable  and  the 
rise  of  this  and  the  nine  surroundinj^  it  can  be  taken  as  0 .  35 
times  the  total  watts  lost  in  the  system.  The  temperature  rise 
of  the  surrounding  rows  taken  in  order  may  be  taken*resj)ectively 
as  0.29,  0.21,  and  0.13  deg.  cent,  per  watt  h^st  per  foot  of 
structure.  Sufiicient  data  are  not  availahk*  to  make  a  good 
gencrali2^tion. 
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Very  often,  a  formula  similar  to  that  given  by  the  aut 
has  been  given  for  the  temperature  rise  of  cables  carrying 
rents  for  short  periods.  With  the  formula  as  a  starting  p 
and  based  on  the  asstunption  that  the  insulation  takes  the  ! 
with  the  same  rapidity  as  the  copper  conductor,  theorei 
curves  have  been  deduced  showing  the  temperature  rise  s 
various  lengths  of  time.  Probably  the  error  due  to  this  wi 
asstunption  is  seldom  very  large.  The  data  given  in  the  pi 
of  the  authors  are  based  on  tests  of  a  number  of  different  s: 
varying  from  No.  6  to  1,000,000  cir.  mils.    These  experime 


TABLE  VI.    THREE-CONDUCTOR  CABLE 

A — Rise  in  temperature  attained  with  current  in  Table  V. 
B — Rise  of  sheath  in  per  cent  of  total  rise. 


Cir.  mils 


500.000 


3-1-3 
32 


Paper 


A 

Deg.  cent. 


25 
25 
25 
25 


8  -1-8 
32 


Paper 


B 

A 

i 

Per  cent 

Deg.  cent. 

Per 

58 

21.2 

3J 

I         59 

23 

3^ 

61 

25.7 

3: 

62 

29 

31 

results  were  then  put  in  a  form  closely  resembling  the  sir 
theoretical  formula,  thus  largely  combining  the  advantage 
pure  theory  and  pure  experiment.  We  believe  that  our  ( 
can  be  expressed  in  a  form  somewhat  more  convenient  for  s 
uses,  as  given  in  Table  VII.  We  have  made  one  or  two  s 
corrections.  This  table  shows  the  length  of  time  required 
different  sizes  of  cable  to  reach  different  percentages  of 
temperature  change,  after  an  alteration  in  current  strength. 
data  are  so  given  that  the  temperature  rise  due  to  excej 
overloads  for  short  periods  can  be  computed.  If  a  steady  cur 
has  been  flowing,  and  an  additional  current  is  suddenly  app 
the  table  is  applicable  to  the  temperature  change  due  to 
change  in  current.  We  do  not  advise  ap])lication  of  these  > 
to  conditions  which  will  actually  cause  a  rise  greater  than 
normally  allowed;  however,  in  the  calculation  of  the  final  1 
perature  rise  to  be  used  in  connection  with  the  table,  one  sh 
neglect  the  temperature  coefficient,  simply  assuming  the  i 
temperature  rise  for  any  current  to  be  proportional  to  the  sq 
of  the  current. 

The  data  so  far  givtn  for  short  time  teniixTaturc  rise  of  a 
apply  to  the  risi*  <>f  tiMiij)eraturc  above  the  surroundings, 
heat  ca])acity  of  tlit*  duc-t  struct urc  t\>r  uiulcTground  cables 
very  great  as  C()ni])ared  with  the  lieat  t*a])acity  of  a  cable  it 
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and  consequently  the  temperature  rise  of  the  duct  structure  is 
very  slow.  There  are  not  enough  experimental  data  to  make 
general  applications.  Table  VIII  is  computed  on  the  assumption 
that  the  only  portion  of  the  duct  structure  to  store  heat  from  the 
cables  is  that  portion  of  the  duct  structure  immediately  surround- 
ing the  cable.  This  is  far  on  the  safe  side,  as  shown  by  theory 
and  by  the  results  of  some  tests  which  have  been  compared 
with  these  tables.  If  it  is  desired  to  apply  these  tables  to  learn 
how  long  an  experiment  on  an  underground  structure  must  be 
carried  on  to  reach  a  steady  temperature,  it  would  be  well  to 
double  the  length  of  time  given  in  the  table.  The  columns  in 
the  center  of  the  table  (2a  and  2b)  may  be  taken  as  represen- 
tative of  most  duct  structures  where  the  rise  of  the  structure 
itself  is  important. 

In  order  to  make  tables  of  carrying  caj^acity  of  general  use  it 
is  necessary  to  base  the  tables  upon  conditions  wliich  cause 

TABLE  VII 


B.  ft  S.  G.  or  dr.  mils 

Time  in  minutes  with  5/32  insulation 

Bare 

Per  cent  of  final  rise 

10% 

20% 

30% 

60% 

70% 

80% 

90% 

10% 

6 

0.52 

1.2 

2.4 

6.3 

11 

16 

30 

0.38 

4 

1  0.66 

1.6 

2.8 

6.6 

14 

21 

35 

0.47 

2 

i  0.90 

2.1 

3.8 

8.5 

19 

30 

40 

0.63 

0 

1.2 

3.0 

5.5 

12.5 

25 

37 

55 

0.9 

000 

1.8 

4  5 

8 

18 

37 

50 

72 

1.2 

300.000 

2.9 

7  2 

12 

25 

48 

65 

92 

2.0 

500.000 

4.0 

9.8 

16 

31 

57 

78 

115 

2  8 

1.000.000 

i  6.8 

15 

24 

49 

85 

120 

165 

4.7 

2.000.000 

:  9  5 

1 

21 

34 

67 

115 

155 

230 

7.0 

Time  required  to  reach  various  percentages  of  final  teniptrrature  change.  Time  for 
bare  conductor  to  reach  50  per  cent  and  90  per  cent  of  change  is  6 . 6  and  22  times  as  long. 
respectively,  as  to  reach  10  per  cent  of  final  temperature  change. 


only  the  true  ohmic  loss  in  the  conductors.  This  makes  the 
tables  true  for  all  ordinary  conditions.  However,  conditions 
do  arise  which  greatly  increase  the  losses,  and  these  must  some- 
times be  taken  into  account.  The  effect  of  dielectric  loss  has 
already  been  mentioned.  Other  losses  which  occur  are  analogous 
to  certain  losses  which  occur  in  various  electrical  machinery. 
Skin  effect  has  been  thoroughly  treated  in  many  places.  When  a 
single-conductor  cable  carries  alternating  current,  if  there  be  a 
lead  sheath,  there  may  be  a  very  considerable  loss  induced  in  that 
sheath.  This  is  treated  and  curves  showing  its  amount  are 
given  in  a  discussion  by  the  writer  in  the  A.  I.  E.  E.  Trans.,  Vol. 
XXXI,  page  806.  There  is  another  loss  which  may  sometimes 
occtu*  but  which,  under  almost  all  ordinary  circumstances,  is 
insignificant.  Alternating  current  flowing  in  any  conductor 
produces  a  field  in  adjacent  conductors  and  a  resultant  eddy 
current  loss.    If  there  is  already  a  current  flowing  in  the  other 
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conductor,  this  merely  constitutes  a  distortion  of  the  distribu- 
tion of  the  ciurent,  but  the  effect  upon  the  loss  is  the  same. 
To  show  the  magnitude  of  this,  we  may  state  that  if  a  cable  of 
2,000,000  cir.  mil  cross-section,  enclosed  in  a  sheath  of  lead 
having  a  diameter  of  3  in.  (7.6  cm.)  and  a  thickness  of  1/8  in. 
(3.1  mm.),  is  placed  immediately  adjacent  to  a  cable  of  similar 
construction,  a  loss  will  be  induced  in  the  lead  sheath  of  one  by  60- 
cycle  current  in  the  other,  of  about  10  per  cent  of  the  ohmic  loss 
in  the  one  carrying  current.  It  is  possible  for  the  loss  in  the 
copper  conductor,  induced  in  the  same  way,  considerably  to 
exceed  this,  unless  the  resistance  between  strands  is  unusually 

TABLE  VIII 

PER  CENT  OP  FINAL  TEMPERATURE  ATTAINED  WITH    LOADS    OP 

DIPPERENT  PERIODS 

Column  "  a  "  for  first  application  of  loud. 
Column  "  b  "  for  loads  repeated  daily. 


Time  in  hours 

l-a 

1-6 

2-a 

2-6 

3-a 

3-6 

1/2 

12 

12 

6 

6 

3 

3 

1 

22 

22 

12 

12 

6 

6 

2 

40 

40 

22 

23 

12 

12 

3 

55 

55 

31 

32 

17 

18 

4 

64 

64 

40 

41 

22 

25 

5 

72 

72 

47 

48 

27 

31 

6 

79 

79 

55 

56 

31 

36 

7.5 

85 

85 

62 

64 

38 

46 

10 

92 

92 

72 

75 

47 

63 

15 

97 

97 

85 

87 

62 

75 

20 

92 

97 

72 

87 

24 

95 

100 

79 

100 

30 

85 

100 

48 

95 

100 

Columns  1  are  for  system  where  one  watt  loss  per  foot  in  each  cable  causes  16  deg. 
cent,  rise  of  duct  structure. 

Columns  2  arc  for  system  where  one  watt  causes  8  deg.  rise. 

Columns  3  are  for  system  where  one  watt  causes  4  deg.  rise.  The  time  constant 
will  not  be  shorter  than  this  for  any  system. 


high.  This  loss  is  proportionately  less  when  the  absolute  dimen- 
sions are  smaller,  and  also  varies  as  the  square  of  the  distance 
between  centers  and  inversely  as  the  square  of  the  frequency. 
It  will  be  seen  that  this  is  ordinarily  insignificant.  It  must  be 
borne  in  mind  that,  wherever  any  of  these  losses  occur,  allow- 
ance must  be  made  in  computing  the  temperature  rise  and  the 
resultant  carrying  capacity.  This  last-mentioned  and  usually 
insignificant  loss  must  not  be  confused  with  the  loss  which  occurs 
when  the  sheaths  are  connected  together.  This  may  exceed  the 
conductor  PR. 

H.  M.  Hobart:    Am  I  right  in  stating  that  Dr.  Langmuir 
can  tell  fairly  correctly  what  would  be  the  temperature  correc- 
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tion  for  any  electric  machine?  Could  he  not,  in  a  fairly  reason- 
able space  of  time,  figure  out  what  the  temperature  correction 
should  be? 

S.  Dushman:  I  believe  he  could,  especially  by  taking 
into  account  the  total  losses  as  being  due  to  the  convection 
through  the  film  and  the  radiation;  taking  that  into  account 
he  can  figure  out  the  loss  in  each  case,  and  I  believe  Dr. 
Langmuir  will  probably  differ  with  what  was  said  about  the 
evidence  being  contrary  to  the  existence  of  the  film,  because  he 
has  found  evidence  to  confirm  his  theories. 

H.  M.  Hobart:  The  impression  I  gained  from  conversation 
with  him  was  that  he  could  tell  you  not  only  whether  the  tem- 
perattire  correction  was  positive  or  negative  but  that  he  could 
state  its  value. 

C.  Fortescue:  Referring  to  the  use  of  an  idle  unit,  recom- 
mended in  the  paper  by  Messrs.  Johannesen  and  Wade,  I  think 
an  idle  unit  is  a  very  good  thing,  but  there  are  some  cases  where 
one  cannot  always  get  an  idle  unit.  I  think  the  Standardization 
Rules  ought  to  specify  some  method  of  determining  the  correct 
basis  of  air  temperature  without  an  idle  unit.  The  idle  unit  can 
be  used  when  one  is  available.  It  is  a  splendid  method,  but  when 
one  cannot  be  had  and  room  temperatures  are  unsteady,  there 
is  always  a  tendency  to  a  controversy  between  the  representa- 
tive of  the  purchaser,  witnessing  the  test,  and  the  man  in  charge 
of  the  test.  One  wants  to  take  one  plan  of  determining  his  room 
temperature,  and  the  other  wants  to  take  another  plan.  Of 
course,  the  purchaser's  representative  usually  wants  to  sec  as 
high  a  rise  as  he  possibly  can;  he  wants  to  be  on  the  safe  side, 
he  wants  to  feel  that  he  is  showing  up  the  apparatus,  and  natur- 
ally he  looks  at  the  figures  that  arc  higher  as  being  correct.  This 
paper  by  Johannesen  and  Wade  shows  distinctly  that  the 
highest  figures  are  not  the  correct  figures,  and  that  some  method 
of  obtaining  the  correct  figure  must  be  indicated. 

John  J.  Frank:  Commenting  on  the  last  paper  by  Mr. 
Fortescue,  and  on  the  paper  by  Messrs.  Johannesen  and  Wade, 
I  would  like  to  call  your  particular  attention  to  the  importance 
and  necessity  of  recognizing  the  standard  method  of  obtaining 
the  room  temperature  or  the  temperature  for  correcting  the  rise 
under  load  or  operating  conditions.  The  use  of  an  idle  unit  to 
determine  this  basis  is  clearly  brought  out  by  Messrs.  Johannesen 
and  Wade.  It  is  recognized  also  by  Mr.  Eden  in  the  paper  pre- 
sented by  Messrs.  Rice  and  Eden. 

In  the  paper  by  Messrs.  Fortescue  and  McConahey,  no 
recommendations  are  offered,  simply  a  reference  to  probable 
errors  which  might  affect  the  test.  Reference  is  made  to  the 
temperatxu'e  rise  of  oil-insulated  water-cooled  transformers  and 
the  statement  that  the  temperature  of  the  air  does  not  affect  the 
cooling.  This,  of  course,  is  not  strictly  correct,  as  the  tem- 
perature of  the  air  will  affect  the  cooling  of  small  units. 

I  would  suggest  that  the  over-potential  test  referred  to  should 
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be  the  last  or  final  test  given  the  apparatus.  This  would  insure 
the  detection  of  any  possible  defect  in  the  transformer  created 
by  other  previous  tests. 

J.  M.  Weed :  I  would  differ  from  Mr.  Frank  in  regard  to  using 
the  same  method  for  determining  equivalent  room  temperature  in 
all  cases,  that  is,  with  all  classes  of  apparatus.  What  we  really  wish 
to  find  is  the  effect  of  room  temperature  upon  the  apparatus  that  is 
being  tested.  That  is,  if  the  room  temperature  is  not  constant, 
we  want  to  know  what  room  temperature  to  compare  the  final 
temperature  of  the  apparatus  with.  The  variations  in  the  room 
temperature  will  affect  different  classes  of  apparatus  under  test 
quite  differently.  For  instance,  in  transformers  we  have  a  large 
body  of  oil  which  must  change  its  temperature,  due  to  changes 
of  room  temperature,  whereas  in  the  case  of  rotating  machines, 
etc.,  the  active  materials  come  in  direct  contact  with  the  air  and 
are  affected  more  quickly  than  the  transformer,  so  that,  although 
the  small  oil-cup  might  be  a  satisfactory  method  for  determining 
the  equivalent  room  temperature  for  apparatus  where  the  active 
materials  come  in  direct  contact  with  the  air,  it  would  not  be 
for  transformers,  and  in  order  to  get  an  estimate  of  the  equivalent 
room  temperature  with  respect  to  transformers  we  need  a  large 
body  of  oil  which  will  take  time  to  change  its  temperature  equiva- 
lent to  the  time  required  by  the  transformer  itself. 

W.  F.  Dawson:  I  question  the  theory  of  Mr.  Weed  as  to  the 
rate  of  cooling  of  the  transformers  after  the  load  is  taken  off. 
I  have  worked  with  approximately  the  same  figures  expressed  in 
"  amperes  per  sq.  in.,"  but  it  would  seem  that  he  has  assumed 
falling  temperature  gradient  based  on  thermal  capacity  of  the 
copper  only.  My  experience  suggests  tliat  thermal  capacity  of 
surrounding  insulation  material  in  the  core  and  a  portion  of  the 
cooling  oil  has  also  to  be  considered  and  that  the  falling  tempera- 
ature  gradient  is,  therefore,  much  less  steep.  The  thermal 
capacity  of  copper  alone  is  such  that  at  an  ordinary  temperature, 
with  a  density  of  about  1100  amperes  per  sq.  in.  there  will  be  a 
temperature  change  of  one  deg.  cent,  per  min.  Generally,  due  to 
added  thermal  cai)acity  of  insulation  and  other  surrounding 
media,  there  will  be  a  divisor  ranging  from  2  to  4,  according  to 
circumstances.  For  example,  a  transformer  may  be  running 
with  2200  amperes  per  sq.  in.,  but  instead  of  four  deg.  cent, 
change  per  minute,  there  will  be  two  deg.  change  or  less. 

C.  Fortescue:  I  want  to  remark  that  the  difference  in  tem- 
perature between  the  top  and  bottom  .oil  of  the  idle  unit,  which 
Mr.  Weed  has  laid  some  stress  upon,  is  only  a  matter  of  perhaps 
two  or  three  deg.,  and  the  error,  if  we  take  the  average  of  the 
two  readings  as  the  recommended  temperature,  amounts  only 
to  a  fraction  of  a  degree. 

J.  M.  Weed:  Answering  the  question  brought  up  by  Mr. 
Dawson,  I  did  not  mention  the  calculation  by  the  thermal  capac- 
ity of  the  copper  as  a  means  of  detcnnining  the  temperature 
drop,  but  in  connection  with  the  increase  in  the  losses  during  the 
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time  that  copper  loss  measurements  were  being  made.  The  same 
considerations  will  apply,  however,  to  the  temperature  drop 
after  the  load  is  taken  off,  as  pointed  out  in  one  of  the  papers, 
but  this  calculated  rate  of  temperature  change  would  apply  only 
to  the  first  instant  with  accuracy.  This  rate  will  begin  to  change  at 
once,  so  that  this  correction  would  be  too  large  if  applied  to  any 
considerable  interval  of  time.  For  the  first  minute  or  two  it 
would  he  approximately  correct.  In  the  heating  up  of  the 
copper,  the  heat  is  all  stored  in  the  cop])er  at  the  start  until  the 
copper  rises  in  temperature,  and  begins  to  throw  heat  out  into 
the  surrounding  insulating  material  and  oil.  Likewise,  when 
it  begins  to  cool,  the  heat  is  given  out  of  the  copper  at  a  certain 
rate  and  continues  to  go  out  of  the  copper  at  that  rate  until  the 
difference  in  the  temperature  between  the  copper  and  surround- 
ing material  has  been  reduced.  Of  course,  that  is  a  very  short 
time. 

In  regard  to  Mr.  Fortescue's  last  remarks  concerning  the  dif- 
ference in  temperature  between  the  top  and  the  bottom  of  the  idle 
transformer,  I  did  not  mean  to  lay  stress  on  that  consideration 
but  was  merely  pointing  out  the  possibility  of  not  getting  perfect 
results,  but  the  idle  transformer  is  so  much  better  than  any  other 
method  we  have  of  getting  an  equivalent  room  temperature, 
that  I  have  only  favorable  recommendations  for  it. 

C.  Fortescue:  There  is  one  point  I  want  to  bring  out  in 
connection  with  one  of  the  papers  in  Group  I,  by  J.  J. 
Prank  and  W.  O.  Dwyer,  entitled  The  Temperature  Rise  of 
Stationary  Induction  Apparatus.  The  paper  states  that  if 
radiation  is  taken  into  account  the  temperature  rise  of  the 
transformer  instead  of  increasing  with  increased  room  temper- 
ature, decreases.  The  paper  says,  furthermore,  that  the  convec- 
tion introduces  a  factor  which  causes  the  temperature  rise  to 
tend  to  increase  with  increasing  room  temperature.  The  paper 
also  goes  on  to  say  that  the  temperature  gradient  through  the 
insulation  introduces  a  factor  which  causes  this  gradient  to 
decrease  with  increasing  room  temperature,  and  later  on  in 
the  paper  a  correction  is  given  based  on  the  increase  in  viscosity 
of  the  air  temperature  of  0.04  of  one  per  cent,  or  thereabouts, 
per  deg.  cent,  to  be  subtracted  when  the  room  temperature  is 
above  25  deg.  cent.  It  appears  to  me  that  the  authors  of  the 
paper  have  lost  sight  of  the  very  points  which  they  first  bring 
out  in  their  paper,  namely,  the  fact  that  the  cooling  of  such  a 
transformer  takes  place  in  two  stages;  first  of  all,  the  surface  of 
insulation  is  cooled  by  convection,  so  that  with  increase  in  room 
temperatiu-e  the  surface  for  a  given  pressure  of  air  has  a  higher 
rise  above  the  incomihg  air  than  with  a  lower  room  temperature. 
Secondly  there  is  the  temperature  gradient  through  the  insula- 
tion, which  is  a  considerable  part  of  the  temperature  rise  in  an 
air-blast  transformer,  and  decreases  with  increasing  room  tem- 
perature. 

In  my  opinion,  these  two  factors  will  practically  cancel  each 
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Other,  and  instead  of  a  correction  of  0.04  of  one  per  cent,  to  be 
subtracted  for  increasing  room  temperattire,  in  order  to  bring 
it  down  to  25  deg.  cent,  standard  room  temperature,  it  will  be 
zero,  or  thereabouts.  In  fact,  the  correction  will  vary  with 
different  transformers,  and  a  good  average  condition  would  be 
obtained  by  eliminating  it  entirely. 

Carl  J.  Fechheimer  (communicated  after  adjournment): 
There  seems  to  be  a  tendency  among  the  engineers  who  have 
discussed  the  papers,  as  well  as  among  the  authors,  to  abandon 
the  use  of  a  temperature  coefficient,  since  tests  which  have  been 
made  indicate  to  some  extent  that  the  air  temperature  has 
little  influence  upon  the  final  temperature  of  the  apparatus.  I 
do  not  believe  this  stand  to  be  correct.  It  is  quite  evident  that 
if  the  loss  occurs  in  copper  only  and  the  current  in  the  con- 
ductors is  maintained  constant,  the  resistance  and  therefore  the 
final  temperature  will  be  influenced  by  the  air  temperature. 
For  example,  such  is  the  case  with  our  ordinary  field  coils,  and 
I  believe  that  for  apparatus  of  this  character  the  proper  tem- 
peratiure  correction  should  be  allowed:  approximately  0.4  per 
cent  per  deg.  cent. 

It  is  of  importance  in  apparatus  having  copper  and  iron  loss, 
on  which  accurate  tests  are  desired,  to  determine  how  much  of 
the  temperature  rise  is  due  to  copper  loss  and  how  much  to  iron 
loss.  At  one  time  it  was  believed  that  the  temperature  rise  was 
proportional  to  the  sum  of  these  two  losses,  but  this  has  been 
found  to  be  very  much  in  error.  Mr.  A.  M.  Gray*  showed  con- 
clusively that  the  influence  of  copper  loss  upon  temperature  rise  in 
induction  motors  was  generally  considerably  more  than  that  due  to 
iron  loss,  even  when  the  two  losses  were  equal.  The  reasons  there- 
for we  shall  not  give  at  the  present  time.  Hence,  there  should  be  a 
temperature  correction  in  the  case  of  copper  loss  the  same  as  with 
the  field  coil,  but  it  is  doubtful  whether  there  should  be  a  temper- 
ature correction  in  the  opposite  direction  in  the  case  of  iron  loss, 
due  to  the  fact  that  the  eddy  loss  decreases  with  increasing  temper- 
ature. This  would  involve  so  much  difficulty  in  the  determination 
of  the  relative  values  of  hysteresis  and  eddy  current  losses  that  it 
is  better  to  omit  such  a  correction.  Even  though  the  exponential 
curve  of  core  loss  is  plotted,  the  value  of  the  exponent  would  not 
necessarily  be  a  criterion  of  the  relative  values  of  hyste^sis  and 
eddy  currents,  because  we  have  found  in  many  cases,  when  plot- 
ting on  logarithmic  paper,  core  losses  against  voltage,  below  the 
saturation  point,  that  the  exponent  was  greater  than  2,  although 
we  know  that  a  considerable  portion  of  that  loss  was  due  to 
hysteresis. 

We  can  easily  determine  the  relative  values  of  the  temperatures 
due  to  iron  loss  and  copper  loss  by  operating  the  apparatus  first 
without  load  at  normal  voltage,  so  that  we  have  little  or  no  cop- 
per loss  and  normal  iron  loss,  and  then  operating  with  full  load 
current  in  the  windings  at  considerably  reduced  voltage  (short- 

*Heaiini  oj  Indudion  Moiots,  Trans.  A.I.B.E..  1900,  Vol.28,  p.  527. 
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circuit  in  the  case  of  generators,  d-c.  motors  or  transformers; 
and  increased  slip  or  against  rotation  in  the  case  of  induction 
motors.)  It  will  usually  be  found  that  the  sirni  of  the  temper- 
atures obtained  by  these  two  methods  is  slightly  greater  than  the 
full  load  temperature  measured  under  normal  operating  con- 
ditions.* 

The  statement  has  been  made  that  the  increment  in  resistance 
due  to  the  higher  air  temperature  would  not  generally  augment 
the  final  temperatures,  because  more  heat  is  dissipated  by  radia- 
tion at  the  higher  temperatures  in  accordance  with  the  well- 
known  radiation  law.  This  would  undoubtedly  hold  if  a  large 
proportion  of  the  heat  were  dissipated  by  radiation.  We  do  not 
believe,  however,  that  much  of  the  heat  is  carried  away  by  this 
means.  Certainly  in  moving  machinery  the  greater  proportion  of 
the  heat  is  dissipated  by  convection  and  a  negligible  percentage 
by  radiation.  Even  in  such  stationary  apparatus  as  transformers 
and  rheostats,  most  of  the  heat  is  carried  away  by  air  close  to  the 
hot  exposed  surfaces;  this  air  rises  and  is  displaced  in  turn  by  cold 
air  which  takes  the  place  of  the  hot  air  which  has  risen.  In  this 
way  currents  of  air  are  set  up,  affording  excellent  means  of 
dissipation  by  convection.  Anyone  who  has  held  his  hand 
above  a  rheostat  carrying  current  has  felt  the  currents  of  hot 
air  rising  from  the  apparatus.  We  could  determine  experimen- 
tally how  much  heat  we  could  dissipate  by  radiation  and  com- 
pare with  the  standard  methods  of  combined  radiation  and 
convection  by  enclosing  the  apparatus  in  a  chamber  which  is 
ordinarily  sealed  and  drawing  a  vacuum  within  this  chamber. 
If  this  apparatus  is  then  operated  in  a  normal  way  all  of  the  heat 
will  be  dissipated  by  radiation.  We  could  then  open  a  door  at 
the  bottom  and  top  of  the  chamber  and  force  air  at  various 
rates  through  the  apparatus  and  could  then  quite  easily  deter- 
mine the  relative  influences  of  radiation  and  convection. 

Paul  MacGahan  (communicated  after  adjournment) :  Refer- 
ring to  the  question  of  temperature  indication,  it  should  be 
pointed  out  in  connection  with  the  **  exploring  coU  "  or  "  resist- 
ance thermometer  '*  method,  that  in  cases  where  a  continuous 
indication  is  desired  for  control  purposes,  such  as  where  temper- 
ature indicators  are  to  be  used  on  switchboard  panels  to  regtilate 
the  loading  of  generators  or  transformers,  the  resistance  ther- 
mometer method  is  generally  to  be  preferred  to  any  thermo- 
couple method,  for  the  following  reasons: 

1.  Direct  readings  obtained  without  manipulation. 

2.  Actual  temperature  indicated  instead  of  temperature  rise. 

3.  Standard  switchboard  D ' Arson val  voltmeters  used  instead 
of  galvometer. 

Direct  readings  are  obtained  by  connecting  the  voltmeter 
according  to  the  Wheatstone-bridge  method,  three  arms 
being    permanent    resistors    of   zero    temperature    coefficient 

^This  is  discussed  more  fully  under  Group  III  papers. 
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and  the  fourth  being  a  search  coil,  wound  preferably  with  copper. 
Direct  current  of  fairly  constant  voltage  is  applied  and  a  standard 
switchboard  type  voltmeter  used  in  place  of  the  usual  galvano- 
meter. 

With  this  method,  a  variation  of  the  suj^ply  voltage  will  cause 
slight  errors  in  the  indications  at  certain  points  of  the  scale. 
This  can  be  minimized  by  calibrating  the  voltmeter  with  its 
zero  torque  point  at  the  critical  temperature  where  extreme 
accuracy  is  most  desired.  Thus,  at  this  point  indications  would 
be  independent  of  the  applied  voltage.  At  other  points,  there 
would  be  a  slight  error  depending  upon  the  variation  from  the 
zero  torque  point  on  the  scale  and  on  the  variation  from 
normal  voltage.  The  accuracy  is  sufficient  for  all  practical 
operating  purposes  but  probably  is  not  of  a  high  enough  order 
for  testing  or  research  work. 

A  notable  application  of  this  form  of  temperature  indicator 
is  on  the  N.  Y.  N.  H.  and  H.  single-phase  locomotives,  the  indi- 
cators being  located  in  the  cab,  directly  in  front  of  the  driver's 

aCcLXft 

C.  Fortescue  (communicated  after  adjournment):  The 
paper  of  Messrs.  Johannesen  and  Wade  calls  attention  to  a 
feature  of  temperature  determination  of  transformers  which  has 
always  been  a  source  of  contention  between  the  representative 
of  the  purchaser  and  the  manufacturer.  I  refer  to  the  deter- 
mination of  the  correct  temperature  rise  of  oil-insulated  trans- 
formers with  fluctuating  room  temperature. 

According  to  test  results  obtained  by  the  authors,  there  is  a 
lag  of  the  temperature  of  the  oil  and  consequently  of  the  tem- 
perature of  the  coils  behind  the  temperature  of  the  room.  It  is 
shown  that  by  the  use  of  an  idle  unit  of  the  same  design,  a  base 
temperature  is  obtained  from  which  to  measure  the  correct  rise 
of  temperature.  The  temperature  of  the  winding  of  the  idle 
transformer  may  be  used  as  a  basis  from  which  to  measiure  the 
true  temperature  rise  of  the  coils  of  the  working  transformer. 

All  these  results  may  be  deduced  from  purely  theoretical 
considerations;  thus,  assuming  constant  emissivity  of  the  case 
with  varying  temperatures,  let 

01  =  room  temperature. 

0t  =  average  temperature  of  oil  of  hot  transformer. 

01  =  average  temperature  of  oil  of  idle  transformer. 

W  =  weight  of  oil  in  absolute  units. 

a    =  emissivity  of  case  in  absolute  units. 

7    =  specific  heat  of  oil. 

S    =  area  of  case  surface. 

E   =  rate  of  dissipation  of  energy  in  case  in  absolute  units. 
We  have  therefore 

Heat  dissipated  from  case  =  aS  (02  —  0i) 

Heat  retained  in  oil  =  E  —  a  S  (0%  —  0i) 

and  therefore 
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rffls         E- a  5(62  -Oi) 


dt  yW 

or 

yW  t?'  +ctSd2  =  E  +  aSdi  (1) 

at 

Consider  a  periodic  value  of  di  and  for  simplicity  let  us  assume 
it  to  be  of  the  form 

01  =  00  +  0  cose  t  (2) 

Then  the  solution  of  (1)  gives  us 

ut  =  — r;  +  ^0  +     /-  -  -  --  --  cos  {cl  -  <p) 

ocS  Va'S'+c^y-W^ 

-  ( — ^  +  00+  -y^--^:^—^.-^:^-  COS  (p)  e    Wr         (3) 


where  tan  ip  = 


Va^S^+c^y^W 

cyW 
aS 


The  last  term  vanishes  when  /  becomes  infinite  and  at  the  end 
of  a  lonj^  j-K^riod  its  efTect  is  neji;lij::ible. 

The  temperature  condition  of  the  idle  unit  is  obtained  by 
making  £  =  0  in  (3).     This  gives 

dz  =  00  +  -  y—         — -z^^=.-  cos  (c  t  -  ip) 
Va^S^'+c^y'W 

^  ,  a  S 

+  (e,  +  -7-— ^-— ^z.^  cos ^  )  e'TTT'      (4) 
Subtracting  this  from  di  we  have 


«^,-«,)=^(l   -.-.">) 


(6) 


which  is  also  the  solution  for  temj)crature  rise  of  the  transformer 
above  a  constant  room  temperature.  It  is  therefore  evident 
that  the  rise  of  the  hot  transformer  above  the  idle  transformer  is 
the  same  as  the  temperature  rise  of  the  transformer  under  con- 
ditions of  constant  room  temperature  at  every  point  of  the  tem- 
perature curve. 
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In  addition  to  corroborating  the  residts  obtained  by  the 
authors,  the  theoretical  solution  clears  up  one  point  they  seem  to 
be  not  altogether  sure  of,  namely  the  proper  value  of  room  tem- 
perature on  which  to  base  the  temperature  rise  of  the  transformer 
when  no  idle  transformer  is  available.  The  problem  is  in  the 
case  of  irregular  variations  to  a  certain  extent  indeterminate, 
but  the  correct  value  may  be  obtained  by  a  method  of  trial  and 
error  in  the  following  manner. 

Take  two  points  on  the  curve  of  air  temperature  representing 
as  nearly  as  possible  to  the  eye  a  complete  periodic  variation. 
Obtain  the  average  value  of  the  room  temperature  between 
these  points  and  draw  a  straight  line  parallel  to  the  datum  line 
and  at  a  distance  from  it  equal  to  the  value  obtained.  This  will 
intersect  the  curve  of  room  temperature  at  three  points  which 
include  between  them  a  portion  of  the  room  temperature  curve 
which  approximates  a  true  harmonic  cycle.  Proceeding  as  before 
a  second  average  is  obtained  between  the  points  on  the  curve 
indicated  by  the  first  average;  repeat  the  process  until  there  is 
no  change  in  the  position  of  the  points  obtained  by  the  line 
parallel  to  the  dattun  line.  The  last  average  temperature  will 
be  the  true  base  temperature  of  the  room  between  these  points 
and  the  correct  rise  tnay  be  obtained  by  taking  the  average  tem- 
perature of  the  oil  and  coils  between  these  points  and  subtracting 
the  average  room  temperature  as  obtained  above. 

This  value  of  room  temperature  is  the  quantity  do  used  in  the 
above  discussions  in  (3).  The  integral  of  the  periodic  portion 
through  a  complete  cycle  vanishes,  so  that  if  t  be  sufficiently 
large  we  have 

aS 

which  is  the  temperature  that  would  be  obtained  in  the  trans- 
former with  a  constant  room  temperature  equal  to  do. 

H.  L.  Wallau  (communicated  after  adjournment):  Table  I, 
given  in  Messrs.  Atkinson  and  Fisher's  paper  on  '*  Rating 
of  Cables/^  was  most  astonishing  to  the  writer  and  does  not 
agree  with  his  experience. 

Records  kept  during  the  last  ten  years  on  a  1 ,000,000-cir.  mil 
cable  operating  at  from  115  to  150  volts  to  ground,  show  that 
with  the  exception  of  the  winter  of  1906,  when  the  load  on  this 
cable  did  not  exceed  700  amperes,  it  has  been  subjected  each 
year  for  a  period  of  two  to  three  months  from  1902  to  1913  to  an 
overload  of  30  per  cent  for  three  hours,  five  days  a  week,  and  20 
per  cent  for  six  to  seven  hours  one  day  a  week,  and  has  carried 
between  80  and  100  per  cent  of  its  normal  load  for  four  to  five 
hours  before  the  overload  came  on. 

This  feeder  has  been  in  continuous  service  all  of  the  time  and 
has  given  no  trouble.  Its  insulation  consists  of  4/32  in.  (3.1 
mm.)  oiled  paper  and  it  has  a  1/8  in.  (3.1  mm.)  lead  jacket. 
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The  performance  of  this  cable  is  not  phenomenal,  practically 
all  of  the  low-tension  cables  on  the  system  giving  like  restdts. 
These  cables  pass  through  subways  containing  twenty  to  forty 
similar  cables  operating  at  similar  loads. 

A  2200-volt,  No.  4/0  B.  &  S.  three-conductor  cable  3/32  + 
3/32  in.  (2.3  +  2.3  mm.)  insulation  carried  continuously  for 
10  hours  a  day  an  overload  of  25  per  cent  and  for  14  hours  a  day 
a  load  of  20  per  cent  of  normal,  for  over  six  months,  with  but 
one  breakdown  during  the  period,  and  is  still  operating  with 
a  maximimi  load  of  75  per  cent  of  normal. 

More  caution  should  be  exercised  in  overloading  high-voltage 
cables,  since  the  potential  gradient  through  the  insulation  is  not 
a  straight  line  but  very  steep  next  to  the  conductor. 

A.  Herz  (communicated  after  adjournment) :  I  agree  with 
Mr.  Johannesen  and  Mr.  Wade  in  their  policy  of  using  a  mass  of 
iron,  copper  and  oil  as  reference  standard  for  room  temperatures , 
in  making  heat  runs  on  oil-insulated  transformers.  Such  refer- 
ence units  should  not  have  larger  heat  storage  capacity  than 
that  which  would  follow  changes  in  room  temperatures  in  the 
course  of  about  one  hour.  I  mean  that  the  time  lag  between 
a  change  of  room  temperature  and  that  same  temperature 
shown  by  means  of  the  above  temperature  standard  should  be 
in  the  order  of  one  hour.  A  small  transformer  would  conform 
to  this. 

It  has  been  the  practise  for  some  time  in  the  past  when 
specifications  arc  drawn  up  for  the  purchase  of  transformers,  to 
specify  that  the  transformers  arc  to  be  subjected  to  a  double- 
voltage  nm  at  suitable  frequency  as  one  of  the  acceptance 
tests.  I  think  there  is  no  test  which  gives  a  person  as 
much  certainty  of  the  condition  of  the  insulation  between 
individual  turns  in  the  windings  and  also  between  the  sep- 
arate parts  of  windings  which  are  subjected  to  potential 
differences  in  normal  operation  as  such  an  over-voltage  nm. 
I  have  elaborated  somewhat  on  this  and  used  a  similar 
scheme  in  the  purchase  and  testing  of  generators,  in  so  far 
that  a  certain  per  cent  over- voltage  operation  be  part  of  the 
acceptance  test,  this  to  be  obtained  by  excess  excitation  or  by 
over  speed  run  (not  to  exceed  15  per  cent),  or  a  combination 
of  both.  I  have  found  no  trouble  in  obtaining  as  high  as  40 
per  cent  excess  voltage  by  such  means  and  after  such  test  in 
combination  with  the  regular  breakdown  test  I  have  felt 
reasonably  safe  in  turning  such  apparatus  over  for  regular 
operation.  I  have  also  on  several  occasions  discovered  defective 
insulation  and  coils  by  these  means.  The  mere  fact  of  apply- 
ing the  usual  test  voltages  between  the  windings  of  apparatus 
and  the  ground  does  not  put  any  potential  difference  between 
adjacent  coils  or  between  the  individual  turns  or  insulated  joints 
made  in  assembling  the  winding.  A  generator  for  instance  could 
not  be  tested  for  breakdown  between  phases  or  between  coils 
unless  all  the  individual  coils  were  disconnected  from  each  other 
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at  the  time  of  such  test,  which  is  usually  a  practical  impossibility. 
Even  then  the  individual  turns  would  not  be  subjected  to  any 
excess  voltage.  I  would  therefore  recommend  that  a  paragraph 
be  incorporated  in  the  Standardization  Rules  to  require  all  appara- 
tus to  be  operated  at  excess  voltage  for  a  period  of  one  minute. 
In  the  case  of  generators  which  are  usually  not  subjected  to 
excess  potential  stresses,  such  as  line  surges,  an  over- voltage  nm 
of  40  or  50  per  cent  would  be  reasonable;  in  transformers,  as  is 
now  the  practise,  an  over- voltage  run  of  one  hundred  per  cent 
would  be  reasonable;  in  other  apparatus  such  excess  voltages  as 
would  be  deemed  best  by  the  committee. 

Core  temperattires,  when  read  by  a  thermometer,  should  have 
such  thermometer  btilbs  in  contact  with  the  core  in  such  a  way 
that  there  is  practically  no  radiation  from  the  heat-conducting 
medium  connecting  the  bulb  with  the  core.  The  usual  method 
of  using  putty  is  such  that  the  large  area  of  putty  exposed  to  the 
air  puts  the  thermometer  bulb  in  the  presence  of  a  medium  cooler 
than  the  core,  at  least  on  one  side.  I  think  due  attention  should 
be  paid  to  this,  and  when  putty  is  used  it  should  be  covered  by 
heat-insulating  mediums,  such  as  cotton  waste.  I  have  obtained 
higher  temperatures  than  those  obtained  by  the  usual  method, 
when  covering  a  thermometer  bulb  with  metal  foil,  this  covered 
with  a  small  amount  of  putty,  and  then  the  whole  covered  with  a 
layer  of  waste.  This  high  temperature  was  not  due  to  local 
rise,  because,  in  the  cases  I  have  in  mind,  the  area  occupied  by 
the  thermometer,  covered  as  above,  was  but  a  fractional  part  of 
one  per  cent  of  the  total  area  exposed  to  radiation. 

Whenever  exploring  coils  or  thermocouples  are  used  in  prox- 
imity to  coils  within  the  electrical  apparatus  in  order  to  measure 
temperature  existing  in  proximity  to  such  devices,  such  means 
of  obtaining  temperature  should  not  be  used  unless  suitable  pro- 
visions are  made,  that  in  case  of  a  breakdown  between  the  coil 
or  conductors  and  such  dexdces,  no  injury  will  happen  to  the 
testing  apparatus  or  the  operator.  The  precautions  are  essential, 
since  the  insulation  of  the  apparatus  under  temperature  test 
was  probably  never  subjected  to  such  electrical  stresses  as  it 
will  be  subjected  to  wliile  under  this  test,  and  hence  due  caution 
must  be  used. 

D.  W.  Roper  (communicated  after  adjournment) :  The 
question  of  the  limiting  temperature  of  lead-covered  cables  is 
one  of  extreme  interest  to  all  users  of  such  cable.  A  careful 
inquiry  into  the  records  and  among  the  men  actively  engaged 
on  the  work  of  installation  and  maintenance  of  a  system  whose 
maximum  load  exceeds  200,000  kw.  fails  to  disclose  a  single  case 
of  failure  of  a  cable  which  could  be  definitelv  traced  to  overload. 
One  case  was  found  where  a  low-tension  cable  main  had  carried 
such  heavy  loads  that  the  paper  insulation  was  charred  and 
brittle,  but  it  was  still  in  service,  and  the  condition  was  dis- 
covered at  the  time  that  the  services  were  transferred  to  a  heavier 
cable.     In  other  cases  low-tension  feeders  have  carried  loads 
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far  above  the  loads  generally  considered  as  safe  for  such  cables 
and  have  melted  the  solder  in  the  terminal  lugs  and  in  the  copper 
sleeves  connecting  the  sections  of  cable.  These  cables  carried 
these  excessive  loads  without  any  apparent  injury,  and  a  careful 
examination  of  sections  cut  from  the  cable  after  having  carried 
these  loads,  failed  to  disclose  any  jjerceptiljle  difference  in  ap- 
pearance from  new  cable.  Our  exi)erience,  therefore,  appears  to 
indicate  that  the  temperature  of  low-tension,  ])aper-insulated 
cables  is  limited  by  other  factors  l^efore  we  reach  a  temj^erature 
that  will  i)ermanently  injure  the  insulation. 

With  high-tension  cables  the  behavior  is  somewhat  different. 
A  number  of  cases  have  occurred  where  cables  have  burned  out 
due  to  local  heating,  as,  for  example,  where  a  conduit  line  passed 
over  a  steam  pipe,  or  where  exhaust  steam  has  been  turned  into  a 
catch  basin  adjacent  to  a  conduit  line.  Instances  of  this  kind 
are  not  at  all  rare,  and  in  some  cases  it  has  been  necessary  to 
re-lay  a  conduit  line  or  move  a  steam  pipe  in  order  to  avoid  the 
frequent  biun-outs  of  the  high-tension  cables  at  such  warm 
locations.  An  inquiry  among  a  number  of  the  larger  users  of 
high-tension  transmission  cable  shows  that  all  of  them  have  had 
such  cables  fail  during,  or  immediately  after,  a  particularly 
warm  spell  of  weather  and  without  any  apparent  cause. 

A  paper  by  Mr.  Rayner  in  the  July,  1912,  number  of  the 
Journal  of  the  Institution  of  Electrical  Engineers,  gives  a  clew 
to  the  cause  of  such  bum-outs,  and  this  cause  is  briefly  touched 
upon  by  Messrs.  Atkinson  and  Fisher  in  their  paper,  wherein 
they  state  that  "  the  increasing  dielectric  loss  with  increasing 
temperature  must  be  considered."  Mr.  Rayner^s  investigations 
indicate  that  with  all  types  of  fibrous  instdation  the  dielectric 
loss  increases  qtiite  rapidly  with  increasing  temperature.  It 
follows,  therefore,  that  for  each  kind  of  fibrous  insulation  there 
is  a  temperature  which  may  be  called  the  *'  critical  temperature  ", 
at  which  the  dielectric  loss  is  equal  to  the  heat  loss  by  radiation. 
If,  therefore,  the  temperature  of  the  insulation  of  a  high-tension 
cable  should  from  any  cause  exceed  this  critical  temperature, 
then,  the  dielectric  loss  being  greater  than  the  radiation,  the 
temperature  of  the  insulation  will  continue  to  rise  as  long  as  the 
potential  is  applied,  although  the  load  is  entirely  removed.  Ap- 
parently high-tension  cables  break  down  in  service  from  this 
cause.  The  trouble  does  not  occur  on  the  hottest  day  in  summer, 
but  a  day  or  two  afterward.  The  cable,  apparently,  during  the 
maximum  load  period  on  a  hot  day,  reaches  a  temperature  above 
the  critical  temperature,  and  then  continues  to  increase  in 
temperature  gradually  over  a  period  of  a  day  or  two  or  more 
until  it  finally  breaks  down.  While,  therefore,  it  may  not  be 
strictly  correct  to  state  that  the  cables  have  burned  out  from 
overload,  they  have  failed  because  they  were  allowed  to  exceed 
the  critical  temperature  for  the  particular  voltage  at  which  they 
were  operated. 

So  far  as  is  known  to  the  writer,  this  limiting  temperature 
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for  high-tension  cables  has  never  been  determined.  It  probably 
varies  with  the  thickness  of  insulation,  the  operating  voltage  and 
with  the  nature  of  the  insulation.  As  near  as  can  be  judged  by 
experience,  this  point  is  of  no  great  consequence  in  cables  opera- 
ting at  voltages  under  10,000,  which  have  the  usual  thickness  of 
insulation  for  such  voltages.  The  experience  with  cables  opera- 
ting at  higher  voltages,  however,  indicates  that  in  hot  weather, 
or  where  the  cable  is  subject  to  heat  from  some  external  source, 
loads  which  are  generally  considered  well  within  the  safe  capacity 
for  such  cables,  will  suffice  to  heat  them  beyond  the  limiting 
temperature. 

It  is  therefore  suggested  that  in  determining  the  safe  carrying 
capacity  of  high-tension  cables,  due  consideration  be  given  to 
the  dielectric  loss  at  the  higher  temperatures. 

Edmund  C.  Stone  (communicated  after  adjournment):  It 
is  interesting  to  see  how  much  more  quickly  the  limiting  tem- 
perature is  reached,  and  how  much  shorter  are  the  periods  of 
overload,  on  cables  than  on  other  kinds  of  electrical  apparatus. 
The  tables  on  pages  330-1  bring  out  clearly  the  danger  to  cables 
from  even  short  overloads  and  the  necessity  of  seciuing  immed- 
iate relief  if  a  cable  becomes  unexpectedly  overloaded. 

It  seems  to  me  that  more  information  than  now  ordinarily 
obtained  regardingthe  performance  of  cables  would  be  of  definite 
value  to  the  users. 

It  is  evident  that,  other  things  being  equal,  if  one  make  of 
cable  would  operate  safely  at  materially  higher  temperatures 
than  others,  or  had  heat-dissipating  qualities  that  would  permit 
it  to  carry  a  materially  heavier  load  at  the  same  temperature, 
that  cable  would  be  distinctly  advantageous  to  use — indeed, 
would  be  worth  more  in  cents  per  foot.  If  one  cable  had  a  mate- 
rially higher  dielectric  loss,  it  would  be  distinctly  more  subject 
to  breakdowns  under  emergency  conditions  of  overload,  for  the 
larger  the  dielectric  loss  the  more  rapid  the  internal  temperature 
rise  under  abnormal  conditions;  hence  such  cable  wotdd  be 
distinctly  disadvantageous  to  use.  Likewise  the  charging 
current  would  become  important  if  excessively  large,  and  5 
any  of  these  characteristics  should  change  materially,  it  would  be 
of  great  importance  to  the  operating  man  to  know  of  these 
changes,  in  order  that  he  might  adjust  his  conditions  to  suit 
them.  For  example,  formerly  the  exciting  current  of  a  trans- 
former could  not  be  excessive,  but  recently,  through  the  use  of 
different  qualities  of  steel,  it  has  become  an  important  factor, 
and  it  is  probable  that  a  large  number  of  transformers  have 
been  bought  with  entire  ignorance  of  the  excessive  exciting  cur- 
rent that  is  present,  to  cause  a  reduction  in  the  power  factors  of 
the  system. 

C.  P.  Randolph  (by  letter) :  Mr.  Williamson  brings  out  clearly 
several  important  points  affecting  the  calculations  of  the  tempera- 
ture drop  in  electrical  machines .  I  wish  to  emphasize  some  of  these . 
It  is  absolutely  essential  in  order  to  make  accturate  calculations 
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of  this  kind  that  there  be  no  space  filled  with  air  between  the 
different  kinds  of  insulation.  The  air  films  play  a  very  important 
part  in  the  resistivity  of  electrical  insulations  where  the  heat  flow  is 
in  a  direction  at  right  angles  to  the  layers  of  insulation.  On  look- 
ing over  the  tables  on  thermal  conductivity  presented  in  Mr. 
Williamson's  article,  and  also  those  measured  by  Symons  and 
Walker,  the  most  noticeable  feature  is  the  slight  differences  in  the 
conductivity  of  the  various  materials.  It  is  very  likely  that  the 
resistivity  is  due  chiefly  to  the  number  and  thickness  of  the  air 
films  between  the  layers  of  mica,  cloth,  etc.  Though  the  air 
films  between  layers  are  very  thin,  nevertheless  they  are  present. 
The  writer  has  found  by  measurement  that  the  thermal  con- 
ductivity of  layers  of  mica  0.003  in.  thick  when  under  a 
pressure  of  five  lb.  per  sq.  in.  is  about  0.0024,  whereas  when 
the  disks  are  loosely  piled  on  each  other  (under  a  pres- 
sure of  perhaps  one-fourth  lb.  per  sq.  in.)  the  thermal  conduc- 
tivity is  0.00090*  or  about  one-third  of  the  former  figure.  The 
conductivity  of  a  pile  of  mica  sheets  will  increase  with  the  pressure 
very  rapidly  at  first,  but  very  slowly  when  the  pressure  has 
passed  such  a  value  that  the  air  films  are  nearly  absent. 
This  pressure  is  always  exceeded  in  properly  assembled  coils 
when  they  are  firmly  imbedded  in  the  slots,  so  that  one  shotdd 
be  able  to  calctdate  the  temperatiu-e  difference  between  the  cop- 
per and  the  iron  with  a  degree  of  accuracy  sufficiently  high  for 
practical  purposes.  The  temperature  coefficient  of  the  thermal 
conductivity  of  layers  of  mica  when  tightly  pressed  is  very  small, 
and  when  loosely  pressed  it  is  very  high. 

Problems  involving  the  calculation  of  heat  losses  are  always 
very  complex  even  in  carefully  designed  laboratory  apparatus, 
and  the  calcidation  of  the  temperature  at  many  points  in  a 
generator  or  motor  under  different  operating  conditions  presents 
problems  so  complex  that  they  are  often  practically  impossible 
of  solution.  Fortunately  the  designer  wishes  to  know  the  tem- 
perature only  at  the  places  where  it  is  highest  and  often  the  prob- 
lem can  be  so  simplified  without  impairing  the  accuracy  that  the 
necessary  calculations  are  comparatively  simple.  Mr.  William- 
son shows  clearly  how  to  handle  one  of  a  number  of  such  problems 
that  arise.  There  are  no  engineering  problems  that  require  the 
exercise  of  "  good  judgment  "  to  arrive  at  results  of  value, 
so  much  as  those  involving  the  flow  of  heat.  Practically  every 
problem  requires  that  some  assumptions  be  made,  as  otherwise 
the  calculation  would  be  too  complex  to  handle.  The  simplifying 
assumptions  may  allow  problems  that  at  first  appear  to  be  im- 
possible of  solution  finally  to  be  solved  accurately  and  easily. 
At  the  same  time  these  assumptions  may  lead  easily  to  results 
100  per  cent  in  error,  if  "  good  judgment  *'  is  not  exercised. 
Experience  in  dealing  with  problems  of  heat  flow  is  necessary 
to  obtain  correct  restdts.     When  a  problem  is  so  complex  that 

*The  thermal  conductivity  is  given  in  watts  per  degree  centigrade  per 
inch  cabe. 
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one  cannot  be  sure  of  the  acctiracy  of  the  calculations  the  result 
may  be  merely  used  to  locate  places  of  high  temperature.  Then 
temperature  coils  may  be  inserted  at  these  points  to  determine 
the  actual  temperatures. 

The  designing  engineer  should  have  at  his  command  accurate 
data  as  to  the  life  at  different  temperatures  of  the  various  insula- 
tions, so  that  each  material  can  be  used  under  the  temperature 
conditions  to  which  it  is  most  suited.  Data  on  this  point  are 
needed  now  more  than  data  on  thermal  resistivity.  Such  data 
are  very  difficult  to  determine  ex]X'rimentally,  but  without  them 
we  must  use  relatively  high — and  therefore  expensive — ^factors 
of  safety. 

It  is  the  actual  temperature  of  the  insulation,  and  not  the 
temperature  rise,  which  limits  the  output  of  a  machine,  as  has 
been  brought  out  in  several  papers  presented  at  this  meeting  of 
the  Institute.  This  depends  not  only  on  the  temperature  of  the 
surroundings,  but  also  on  the  conductivity  of  the  instdating  ma- 
terials, iron,  etc.,  and  on  the  surface  properties  of  the  machine. 
For  instance,  to  test  a  machine  before  it  is  painted  may  lead  to 
erroneous  results.  Painting  usually  increases  the  emissivity, 
thereby  making  the  machine  nm  cooler  than  previously.  Re- 
liable data  on  this  point  are  very  meager,  but  the  writer  is  at 
present  carrying  out  some  experiments  to  clear  it  up. 

E.  D.  Edmonston  (by  letter):  Messrs.  Atkinson  and  Fisher 
have  given  engineers  and  users  of  cables  much  valuable  and 
needed  information.  There  has  been  a  dearth  of  information 
on  imderground  electric  cables,  and  for  much  of  the  published 
data  we  have  had  in  the  past,  we  are  indebted  to  Mr.  Fisher  and 
his  company. 

We  have  been  given  the  maximum  temperature  limits  of  safe 
practise  in  working  cables,  but  we  are  not  as  yet  in  possession  of 
enough  data  to  predetermine  fairly  accurately  the  current  rating 
of  an  electric  cable  for  service  underground  in  various  conduit 
formations,  in  various  soils,  under  varying  conditions. 

The  formulas  given,  as  stated,  are  based  upon  experiments 
on  the  rise  in  temperature  of  cables  in  free  air,  whereas  most  of 
our  lead-covered  cables  for  power  and  lighting  service  are  placed 
underground  in  conduit  constructions  where  there  is  little  ap- 
preciable circulation  of  air  through  the  ducts. 

From  the  formulas  given  we  may  compute  the  temperature  rise 
of  copper  above  lead,  and  the  rise  of  lead  above  immediate  sur- 
roundings; but  in  the  rise  of  temperature  of  surroundings  due  to 
the  presence  of  other  cables  and  the  nature  of  the  surroundings, 
we  have  only  meager  and  limited  data  available  on  which  to  base 
a  guess  in  many  of  our  calculations.  Yet,  as  the  paper  states, 
heating  and  current  rating  of  any  given  cable  may  be  reduced  to 
a  half  or  a  small  fraction  of  its  normal  rating,  due  to  the  extreme 
variability  of  the  external  conditions.  For  underground  cable 
work,  therefore,  to  make  the  fullest  use  of  the  valuable  informa- 
tion given  in  this  paper,  we  should  endeavor  to  obtain  more  infor- 
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mation  than  has  been  published  concerning  the  conduction  of  heat 
by  the  earth,  when  conduit  lines  are  laid  in  clay,  loam,  sandy 
soil,  etc.,  both  when  the  soil  is  damp  and  when  dry.  In  the  usual 
subway  construction,  with  manhole  spacings  of  200,  300  or  400 
ft.  I  believe  that  there  is  little  dissipation  of  the  heat  generated 
in  cables  through  possible  circulation  of  air  in  conduits, 
but  I  wotdd  like  to  obtain  the  views  of  others  on  this  matter. 
Turning  for  a  few  moments  from  the  subject  of  cable  heating 
from  the  conductors,  to  the  heating  of  cables  from  without, 
you  may  be  interested  in  some  findings  in  Baltimore  where  we 
have  nearlv  a  half-million  feet  of  several  different  makes  of 
13,200-volt  transmission  cables  in  the  lighting  and  power  com- 
pany's service,  installed  over  a  period  of  about  nine  years. 
Some  of  these  cables  which  had  been  in  regular  service  for  some 
years  began  to  cause  us  trouble  for  the  first  time  last  summer. 
In  a  conduit  line  where  we  had  twelve  transmission  cables, 
we  had  a  cable  breakdown  between  manholes  in  one  section.  This 
was  followed  about  a  week  later  by  the  breaking  down  of  another 
cable  at  the  same  point  in  the  conduit  line,  but  of  course  in 
another  tile  duct.  A  week  or  so  later  another  cable  broke  down 
at  the  same  point  in  the  conduit  line,  and  so  on  until  we  had  lost 
five  cables.  The  cables  in  question  were  three-conductor, 
4/0  B.  &  S.  gage,  6/32  in.  by  6/32  in.  paper  by  5/32  in.  lead 
sheath;  and  the  breakdowns  occurred  between  conductors.  A 
short  time  after  the  initial  breakdown,  we  had  a  breakdown 
of  a  cable  between  manholes  in  another  section  of  the  conduit 
line,  which  was  followed  after  short  intervals  of  time  by  four 
additional  breakdowns  at  about  the  same  point  in  the  conduit 
line  in  nearby  ducts.  We  dug  around  and  exposed  the  conduit 
line  at  the  points  of  trouble,  examined  the  conduit  construction, 
examined  the  adjacent  cables  for  signs  of  electrolysis,  and  found 
nothing  tmusual  in  the  nature  of  the  soil.  All  of  the  cables  have 
been  working  well  under  normal  rating,  and  the  maximum  tem- 
perature we  were  able  to  get  between  manholes  in  the  duct  line 
was  about  52  deg.  cent,  by  recording  thermometers.  We  sought 
to  find  some  electrical  ])henomena  to  account  for  the  trouble, 
and  faihng  in  .this  I  took  our  troubles  to  our  chemists.  Moisture 
was  found  to  exist  in  quite  considerable  quantities  in  the  paper 
insulation.  Many  sam])les  of  cable,  and  also  some  new  cable, 
were  carefully  taken,  from  all  of  which  we  were  able  to  distill 
(using  a  temperature  under  120  deg.  cent,  with  a  vacuum  of 
approximately  26  in.)  from  1  to  2  grams  of  water  per  5-in. 
length,  which  is  equivalent  to  about  1  to  2  ounces  of  water 
per  lO-ft.  length  of  cable.  We  cannot  account  for  the  cause 
of  initial  breakdowns  mentioned;  but  we  feel  satisfied  that  the 
succeeding  breakdowns  at  the  same  points  in  the  conduit  line 
were  caused  by  the  localized  heat  from  the  first  short-circuit 
vaporizing  the  moisture  held  by  capillarity  in  the  paper  insulation 
of  the  adjacent  cables,  which  vapor,  driven  back  in  the  cables 
from  the  hottest  point,  distilled  in  globules  of  water  at  a  nearby 
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point  where  the  cable  was  sufficiently  cool  to  condense  th< 
and  these  globules  of  water  so  formed,  did  the  rest  after  ; 
of  time.  All  of  the  cables  affected  were  ordered  im 
American  Standard  General  Cable  Specifications  coverin; 
insulated  lead-covered  cables  prepared  by  the  Paper  Ii 
Power  Cable  Engineers*  Association,  were  tested  at  fact 
after  installation,  and  complied  fully  with  the  specifi 
Replacement  of  the  damaged  sections  of  cable  by  the 
facturer,  imder  a  five  year  guarantee,  does  not  compen 
the  loss  of  prestige  and  service  due  to  the  interruptions 
by  the  cable  breakdowns. 

The  point  I  wish  to  make,  is  that  we  have  not  a  s 
cable  specification  which  will  adequately  protect  the  ptu 
and  users  of  cables,  especially  high-tension  cables  for 
gro\md  service.  I  have  appealed  to  three  of  the  larg 
manufacturers  to  tell  me  the  limitations  of  moisture  whi 
could  assure  in  a  specified  make-up  of  cable;  but  in  ea 
their  answers  have  given  me  to  believe  that  they  had  little 
edge  of  how  complete  their  vacuum  process  was  in  ex' 
the  moisture  from  the  paper  before  applying  the  coi 
and  sheathing;  and  this  has  led  me  to  draw  up  my  ow 
fications  for  the  limitations  of  moisture. 

Mr.  Fisher,  in  a  previous  paper  before  the  Institute, 
that  it  was  to  be  regretted  that  the  manufacturers  and  o\ 
of  electric  wires  and  cables  in  this  country  did  not  dra 
reasonable  set  of  specifications,  because  it  would  simplify 
for  consulting  engineers,  operating  companies  and  manufa 
We  are  all  striving  for  standardization,  and  I  beg  to 
that  the  work  of  formulating  an  adequate  set  of  cable  sf 
tions  could  well  be  taken  up  by  the  Institute  and  wou 
good  fruit  for  both  the  users  of  cable  and  the  manufa 

In  some  of  the  big  cities,  millions  upon  millions  of 
are  invested  in  undergoimd  electric  cables.     The  valu 
the  undergroimd  cables  in  our  little  power  and  lighting 
in  Baltimore  totals  an  amount  in  the  seven  figures,  and  ; 
imates  the  total  cost  of  all  the  electrical  equipment  in  c 
tions;  yet  with  some  lighting  companies  where  greater   j 
of   their   distributing   systems    are    underground,   the 
underground  cables  probably  exceeds  the  total  investr 
all  station  equipment.     With  such  amounts  involved, 
crating  companies  are  naturally   most    desirous    of    ob 
cables  of  the  best  design  and  construction  at  a  fair  co 
of  knowing  how  to  work  those  cables  to  the  best  advantage 
grotmd   in   properly   designed   conduit   construction.     ] 
by  a  number  of  the  large  lighting  companies  made  last 
the  National  Electric  Light  Association  Committee  on 
grotmd  Construction,  give  evidence  concerning  high-tensic 
breakdowns  which  indicates  that  there  is  yet  much  to  be 
in  the  make-up  of,  at  least,  high-tension  cables;  which  wea 
in  construction  have  not  been  shown  by  the  initial  tes 
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it  has  heretofore  been  customary  to  apply.  Many  cable  users  say, 
with  much  logic,  "  leave  the  make-up  of  cables  to  the  manu- 
facturer," but  on  high-tension  i)apcr  cables  the  manufacturers 
appear  not  all  in  accord.  True,  many  of  them  appear  to  use 
much  the  same  cable  compound,  ])rinci])ally  resin  oil,  under 
different  trade  names.  The  papers  used  appear  not  to  be  very 
different  in  character,  though  the  quality  may  differ  somewhat; 
but  the  thickness  of  the  paper  and  the  tightness  of  the  wrapping 
varies  considerably  for  high-tension  cables.  Some  manufac- 
turers recommend  a  loosely  wrapped  high-tension  cable,  others, 
a  tightly  wrapped  cable.  Each  has  certain  advantages,  but  on 
accoiuit  of  the  paper  costing  considerably  more  than  the  com- 
poimd  used,  is  there  a  temptation  for  the  manufacturers  to 
use  a  loose  wrapping,  though  the  tight  wrapping  may  be  de- 
sirable? The  Institute  affords  a  common  ground  for  cable  manu- 
facturing engineers,  and  engineers  of  cable  users,  to  get  to- 
gether in  an  endeavor  to  formulate  more  adequate  specifications 
than  we  have  yet  had,  and  give  to  the  profession  at  large  recom- 
mendations which  would  be  of  tremendous  value  and  in  line 
with  standardization.  I  venture  to  hope  that  an  Institute 
Committee  will  take  up  this  work. 


A  communicaiioH  first  presented  al  the  29lk  Annual 
ComMniicn  of  the  American  Institute  of  Elec- 
trical Engineers,  Boston,  Mass.,  June  28.  1012. 
and  discussed  at  the  Midwinter  Convention. 
Sew  York.  February  27.  1913. 

Copyright  1912.     By  A.  I.  E.  E. 


THE  MYRIAWATT 


BY  H.  G.  STOTT  AND  HAYLETT  0*NEILL 


The  object  of  this  communication  is  to  introduce  a  new  unit  of 
power  which,  if  adopted,  will  afford  a  basis  of  comparison  of  all 
converters  of  energy,  thermal  and  mechanical;  and  also  will  be 
international  in  its  character,  as  it  is  merely  a  new  multiple  of 
the  watt. 

In  American  and  European  jjractise,  at  the  present  time,  there 
are  in  use  many  empirical  units,  the  use  of  any  one  of  which  is 
restricted  to  a  distinct  territory.  A  few  of  the  more  important 
ones  are,  horse  power,  boiler  horse  ])ower,  kilowatt,  cheval  k 
vapcur,  pferde-kraft  and  poncclet.  Obviously  an  engineer,  in 
attempting  to  compare  data  from  a  foreign  country,  is  compelled 
to  face  a  confusion  of  terms,  which  usually  can  be  made  intelli- 
gible only  by  laborious  calculations. 

Again,  in  the  United  States  there  are  in  vogue  such  units  as 
boiler  horse  ])owcr  and  horse  ])()wer,  which,  while  similar  in 
sound,  have  no  logical  connection;  and  one  has  yet  to  find  where 
the  **  horse  "  comes  in. 

With  tlie  rapid  devel()])nient  in  electrical  measuring  instru- 
ments, and,  until  recently,  a  c()rres])<)n(ling  lack  of  development 
in  steam-flow  measuring  instruments,  the  tenn  kilowatt  has 
l^ecome  more  and  more  used  as  the  one  unit  of  power  output. 

The  term  became  a  necessity  with  the  growing  favor  of  steam 
turbines,  and  all  direct-connected  units  where  it  is  impossible  to 
measure  accurately  the  nit^chanical  and  th(»  electrical  power 
separately. 

To  form  a  connection  biMwoi'n  Iho  l>(>iltT  or  ])r()(kKvr  output, 
the  engine   and   generator  out])Ut,   the   lerni    *'  myriawatt  " — 
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derived  from  the  Greek  "  myria,  "  meaning  ten  thousand,  and 
the  term  watt — \s  proposed. 

For  the  purpose  of  standardization,  the  British  thermal  unit, 
1/180  of  the  heat  required  to  raise  one  pound  of  water  from  32 
deg.  fahr.  to  212  deg.  fahr.  and  the  equivalent  evaporation  from 
and  at  212  deg.  fahr.  (970.4  B.t.u.)  is  used  (Marks  and  Davis). 

From  this,  the  following  equivalents  arc  obtained: 

1  Foot-pound  =  0.0012861  B.t.u. 

1   Kilogram-meter  =  0.009302     B.t.u. 

1  Gram-calorie        =  0.0039683  B.t.u. 

1  Horsepower  =     2,547  B.t.u.  per  hr. 

1  Cheval  i  vapeur  =     2,512  B.t.u.  per  hr. 

1  Pferde-kraft  =     2,512  B.t.u.  per  hr. 

1  Poncelet  =     3,349  B.t.u.  per  hr. 

1  Kilowatt  =     3,415  B.t.u.  per  hr. 

1  Boiler  h.p.  =  33,479  B.t.u.  per  hr. 

1   Myriawatt  =  34,150  B.t.u.  per  hr. 

Reduction  of  the  Myriawatt  to  the  above  units. 

1  Mw.  =  34,150           B.t.u.  per  hr. 

1  Mw.  =  8,605,000           Gram-calories  per  hr. 

1  Mw.  =  26,552,000           Foot-pounds  per  hr. 

1  Mw.  =  3,670,900           Kilogram-meters  per  hr. 

1  Mw.  =  13.410  Horsepower. 

1  Mw.  =  13.597  Cheval  ^  vapeur. 

1  Mw.  =  13.597  Pferde-kraft 

1  Mw.  =  10.197  Poncelets. 

1  Mw.  =  10           Kilowatts. 

1  Mw.  =  1.020  Boiler  horse  power 

Reduction  of  all  of  the  above  units  to  Myriawatts  or  Myriawatt-hr. 

1    B.t.u.  =  2.928  X  10"*  Mw-hr. 

1   Gram-calorie  =  1.1621  X  10"^  Mw-hr. 

1    Foot-pound  =  3.7662  X  10"^  Mv^-hr. 

1    Kiloj;nim-niotcr  =  2.7238  X  10"'  Mw-hr. 

1    H«)rso  power  —  7.457  X  1(P'  Mw. 

1    Chcval  i\  Vapiur  -  7  351  X  KF*  Mw. 

1    Pfer.le-kraft  =  7  354  X  10"  ^  Mw. 

1    Poncelet  =  9  S07  X  lO"*  Mw. 

1    Kilowatt  =  1.00000  X  10"^  Mw. 

1    Boiler  horse  power  =  9.804  X  10"^  Mw. 

The  last  two  are  practically  the  same,  differing  by  only  two 
per  cent.  The  u.sual  practise  is  to  rate  water-tube  boilers  on  the 
basis  of  one  boiliT  honsr  powtT  ]>rr  10  square  feet  of  heating 
surface. 

With  niodcni  ]jlaiits,  notably  those  in  marine  service,  opera- 
ting at  from  two  to  live  times  this  rating,  the  ordinary  mt  tho<l  of 
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determining  nominal  boiler  capacity  could  be  stretched  2  per 
cent  without  materially  affecting  the  present  rating:  t.^.,  the 
boiler  might  be  rated  at  34,150  B.t.u.  per  hour  for  each  10  square 
feet  of  heating  surface,  instead  of  at  33,479  B.t.u.  per  hoiu*  for 
each  10  square  feet  of  heating  surface. 

The  myriawatt  as  a  unit  of  boiler  or  producer  output,  and  cor- 
respondingly a  unit  of  input  to  all  kinds  of  dynamical  machinery, 
is  fixed  in  value  by  the  watt,  and  by  its  very  sound  gives  a  clue  to 
its  meaning. 

To  compare  efficiencies  of  direct-connected  units  and  eliminate 
the  various  factors  of  quality  of  steam,  pressure  and  vacuum,  the 
term  **  B.t.u.  per  kilowatt-hour  "  has  been  used.  If  we  use 
the  term  myriawatt, 

„    ^  .  10  X  kilowatts  output 

per  cent  overall  einaency  = -. — — : r — 

mynawatts  input 

Also,  with  the  thermal  efficiency  of  the  engine  known,  the  heat- 
ing surface  in  the  boiler  room  is  determined  (assuming  the  10 
square  feet  rule),  two  kilowatts  per  myriawatt  input  to  an 
engine  is  equivalent  to  20  per  cent  thermal  efficiency  of  the  engine 
and  the  heating  surface  in  the  boiler  room  equals  kilowatts 
engine  output  X  10/2. 

Obtaining  an  exact  figure  of  the  same  with  the  boiler  horse 
power  unit  involves  a  tedious  operation. 

The  efficiency  of  internal  combustion  engine-driven  units  of  all 
cycles,  such  as  Diesel,  Brayton,  Otto,  etc.,  is  determined  by  rating 
the  heating  value  of  the  fuel  in  myriawatts;  thus, 

,     -p  .  ,rv  V.    kilowatts  output 

per  cent  efficiency  =  10  X 


myriawatts  input 


With  hydraulic  machinery,  again  rating  the  water  power  inj)ut 
to  the  wheels  in  myriawatts: 

^    ai  '  ^/x  V.     kilowatts  output 

per  cent  efficiency  =  10  X . —  ."— ^-    . 

mynawatts  input 

Thus,  in  the  term  myriawatt  lies  a  sinij)le,  logical  and  uni- 
versal means  of  comparing  (nitputs  and  in])uts  of  all  classi'S  of 
energy  converters,  the  nn-aning  of  which  will  hv  dear  to  all 
engineers  wherever  a  i)iece  of  electrical  machinery  is  to  be  found. 
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Comparisons  in  Efficiencies  and  Rates  of  Output  With  Various 
Types  of  Energy  Converters,  in  Terms  of  the  Myriawatt 


1.    Boiler  output: 

Nominal  rating  =  600  boiler  h.p. 
Total  draft  head  inches 

water  gage  Boiler  h.p. 

1.730  1375 


Myria  watts 
1348 


2.    5000-kw.  engine: 

Lb.  steam 

Kw.  output        kw-hr. 
4977  17.2 


B.  t.  u.         Kw.  output     Per  cent  thermal 


kw-hr. 
20.160 


3.    5500  kw.   high-pressure  turbine: 

Lb.  steam         B.  t.  u. 

Kw.  output         Kw-hr.  Kw-hr. 

8183  16.39  18,450 


Mw.    input     efficiency  over-all 
1 . 70  17 


Kw.  output     Per  cent  thermal 


Mw.    input     efficiency  over-all 
1.85  18.5 


4.    15,000-kw.  engine — low-pressure  turbine. 

Lb.  steam         B.  t.  u.         Kw.  output 

Kw.  output         Kw-hr.  Kw-hr. 

11,240  13.19  15,660 


5.    56-in.  low  head   water- turbine 


Brake  h.p. 
283 


Brake  kw. 
211 


Mw.    input 
2.18 


Per  cent  thermal 
efficiency  over-all 
21.8 


Kw.  output     Conversion  eff. 
Mw.    input     per   cent  over-all 
8.41  84.1 


6.    Steam  plant  efficiency: 

Lb.  coal  per  kw-hr. 

B.t.u.  per  lb.  coal 

B.t.u.  per  kw-hr. 

Kilowatts  per  inyriawatl  input  to  boilers 

Plant  efficiency 


7.    (ias  power  plant  cflirieiK  y: 

C\\.  ft.  jras         H.  \.  u. 
Kw.  output 


o 

14,250 
2S,5(K) 
1.2 
12  per  cent. 


5200 


Kw-hr. 
145 


Kw-hr. 
14,220 


Kw.^Mitput      Per  ^,ent.  thermal 
Mw.  input,     efficiency   overall 
2.4  24 


1913)  DISCUSSION  AT  NEW  YORK  416 

Discussion   on   **  The   Myriawatt  "   (Stott  and  O'Neill), 

New  York,  February  27,  1913. 

H.  G.  Stott:  A  great  deal  of  criticism  has  been  made  of  this 
paper,  which  was  presented  at  the  convention  held  in  Boston 
last  Jiine.  The  greater  part  of  this  criticism,  I  think,  is  entirely 
due  to  a  misconception.  The  misconception  is  that  we  are 
endeavoring  to  introduce  a  new  unit.  A  little  careful  considera- 
tion of  the  paper  would  show  that  that  conception  is  entirely 
wrong.  All  that  was  attempted  to  be  done  was  to  get  in  the 
thin  end  of  the  wedge,  as  it  were,  of  the  metric  system  into  our 
measurements  of  mechanical  power.  We  all  know  how  we  suffer 
at  the  present  time  from  the  numerous  illogical  and  irrational 
units  which  are  used  in  calculations  on  thermodynamics  and 
mechanical  units  of  power.  For  example,  we  have  the  boiler 
h.p.,  which  was  originally  meant  to  mean  that  the  boiler  could 
evaporate  30  lb.  of  water  from  a  temperature  of  100  deg.  to  steam 
at  70  lb.  Now  latterly  it  has  been  modified  to  mean  the  amount 
of  heat  required  to  evaporate  34.5  lb.  of  water  at  a  tempera- 
ture of  212  deg.  fahr.  This  is  purely  arbitrary,  and  has  no 
scientific  or  rational  basis. 

There  is  still  another  boiler  h.p.,  and  that  is  one  which  simply 
means  it  is  equal  to  10  sq.  ft.  of  heating  surface  in  the  boiler. 
The  h.p.  is  sometimes  used  in  the  sense  of  being  shaft  h.p., 
sometimes  brake  h.p.,  and  also  for  the  indicated  h.p.  of  an  engine. 

There  are  at  least  half  a  dozen  diflferent  values  attached  to  this 
term  of  horse  power,  and  it  seems  to  me  that  it  is  a  happy  coinci- 
dence that  10  kw.  are  just  about  equal  to  one  boiler  h.p.,  that  is, 
within  two  per  cent  of  it.  The  line  of  least  resistance  is  always 
the  best  one  to  adopt  in  trying  to  introduce  the  metric  system 
to  those  who  have  been  accustomed  to  the  abominable  English 
system  of  imits,  and  that  is  the  basis  of  our  attempt. 

There  has  been  a  great  deal  of  criticism  directed  against  the 
unit  which  we  propose.  The  first  one  is,  why  not  use  the  kw.  at 
once?  The  trouble  with  that  is  that  you  immediately  have  to 
introduce  the  factor  of  10;  say  that  10  kw.  are  equal  to  1  boiler 
h.p.,  which  is  approximately  true.  Then  there  is  the  difiictdty 
in  nomenclature,  in  referring  to  the  fact  that  you  require 
10  kw.  to  deliver  one  kw.  at  the  switchboard.  Now,  it  seemed  to 
us  to  be  a  little  simpler  to  use  the  prefix  **  myria  '^  meaning  10,000. 
The  precedent  for  that  is  that  in  the  metric  tables  we  have  the 
millimeter,  the  centimeter,  the  decimeter,  the  meter,  the  deka- 
meter,  the  hectometer,  the  kilometer,  and  the  myriameter. 

Now,  the  same  thing  is  true  with  the  gram.  We  find  there  the 
m3rriagram  also.  So  that  there  is  absolutely  nothing  new  about 
it,  and  we  simply  apply  the  well-known  prefix  of  **  myria  ''  to  the 
watt.  The  kilowatt  is  not  the  unit,  the  watt  is  the  unit.  We 
have  not  introduced  a  new  unit,  but  have  used  a  prefix  well 
known  in  Continental  practise,  the  prefix  "  myria  "  to  indicate 
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10,000  times.  Now,  the  whole  object  of  this  little  paper,  the 
idea  of  introducing  the  myriawatt,  as  I  have  said  before,  was  to 
begin  gradually,  from  the  easiest  point  of  attack,  the  introduc- 
tion of  the  metric  system  into  mechanical  and  thennodynamic 
calculations.  The  introduction  of  such  a  unit,  it  seems  to  me,  will 
help  a  great  deal,  because  naturally  the  next  step,  for  example, 
in  calculations  on  steam,  will  be  the  use  of  the  centigrade  ther- 
mometer scale.  We  are  all  familiar  with  that  in  electrical  work. 
With  the  fahrenheit  scale  in  calculations  on  thermodynamics, 
you  are  continually  troubled  with  the  plus  or  minus  32  deg.  and 
it  is  a  constant  source  of  error. 

With  the  centigrade  scale,  that  is  eliminated,  so  that  the  next 
step  I  hope  to  see  introduced  is  the  abandonment  of  the  fahren- 
heit scale  and  the  introduction  of  the  centigrade  scale  for  all 
thermodynamic  work  involving  calculations.  These  things  are 
all  time-savers,  just  iis  the  entire  metric  system  is  a-  time- 
saver  over  the  old  English  system  of  units. 

There  is  another  reason  for  the  introduction  of  this  term.  It 
has  heretofore  been  the  custom  to  specify  the  performance  of  a 
steam  unit  in  poimds  of  steam.  That  was  a  perfectly  legitimate 
and  a  perfectly  safe  way  of  expressing  it,  as  long  as  there  was  no 
superheat,  and  as  long  as  you  worked  to  constant  vacuum,  for 
the  vacuum  varied  but  slightly  from  twenty-six  inches  as  the 
standard.  But  nowadays,  when  we  are  going  to  28J,  28}, 
29  and  29}  inches  actual  vacuum  in  guarantees,  when  referred 
to  30  in.  barometer,  and  when  the  superheat  may  vary  from  100 
deg.  to  200  deg.,  the  poimds  of  steam  per  kw-hoiu*  mean  nothing; 
you  must  get  down  to  thermal  units.  The  transformation  from 
the  thermal  basis  of  the  B.t.u.,  or  the  calories,  is  very  simple, 
and  is  given  in  that  little  paper,  so  that  we  would  naturally  ex- 
pect that,  in  expressing  it  in  myriawatts,  the  conversion  into  the 
thermal  units  is  implied,  because  that  is  a  very  simple  matter  by 
the  use  of  a  steam  table. 

The  question  of  getting  steam  tables  which  are  required  in 
the  metric  system,  is  also  now  being  taken  up,  and  the  authors 
of  the  tables  best  known  today,  have  agreed  that  if  the  metric 
system  of  imits  in  thermodynamics  is  adopted  they  will 
have  their  tables  translated  into  the  metric  system. 

Electrical  engineering  and  mechanical  engineering  are  now 
so  closely  allied  and  actually  connected  by  the  steam 
tiu"bine  that  it  is  impossible  to  determine  the  efficiency  of 
one  without  the  other.  There  is  no  way  I  know  of,  of  separa- 
ting the  losses  in  the  turbine  and  in  the  generator.  That  comes 
in  as  an  appropriate  part  of  this  matter,  so  that  the  electrical 
engineer  is  as  much  interested  in  this  subject,  in  my  opinion, 
as  the  mechanical  engineer,  and  therefore  I  think  if  we  do  all  we 
can  to  assist  in  the  adoption  of  the  metric  system  in  all  tests  and 
guarantees,  the  rest  of  it  will  come  very  quickly.  It  is  a  very 
simple  matter,  all  we  have  to  do  is  to  introduce  the  centigrade 
thermometer,  and  then  the  only  quantity  we  have  to  translate 
will  be  pounds  of  water  into  kilograms.     Then  we  will  have  our 
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tests,  reports  and  guarantees  on  precisely  the  same  basis  as 
they  have  in  Europe;  in  other  words,  we  will  have  our  results 
in  international  units.  At  the  present  time,  if  we  take  up  the 
results  of  tests  on  the  steam  turbine  units  whicli  are  practically 
the  only  sources  of  power  in  large  stations  now,  we  find  that  it 
is  impossible,  at  first  sij:jht,  to  compare  the  European  results  with 
our  own  results.  We  have  to  sit  down  and  go  over  a  series  of 
laborious  calculations. 

Now,  if  we  become  accustomed  to  the  calorie,  kilogram  and  the 
centigrade  scale,  which  all  electrical  and  chemical  engineers  are 
using,  it  wotdd  be  a  very  simple  thing  to  work  out  all  our 
tests  and  all  our  guarantees  in  the  metric  system  of  units. 

C.  P.  Steinmetz:  If  you  want  to  realize  the  importance  of  get- 
ting to  an  intelligible  system  of  nomenclature,  you  only  need  to  con- 
sider a  sentence  like  this:  To  operate  ten  300- ton  trains  per  day, 
at  40  miles  per  hour,  with  an  acceleration  of  0 . 5  mile  per  hour  per 
second,  two  2000-kw.  turbo-alternators  are  installed.  The  peri- 
odicity of  these  generators  is  25  cycles  per  second ;  they  are  designed 
for  a  temperature  rise  of  40  deg.  cent.  Their  speed  is  1500  rev.  per 
min.  and  they  are  cooled  by  the  circulation  through  each  of  them 
of  10,000  cubic  feet  of  air  per  minute.  This  circulation  is  main- 
tained by  a  pressure  of  1.5  inches.  Their  consumption  is  11  lb. 
of  steam  per  kw-hr.  at  175  lb.  boiler  pressure  and  75  deg.  fahr. 
superheat,  and  a  28-in.  vacuum.  Steam  is  supplied  by  six  300- 
h.p.  boilers,  consuming  2  lb.  of  coal  per  boiler  h.p.  The  coal 
has  a  thermal  value  of  14,000  B.t.u.  per  pound.  1000  gallons  of 
condensing  water  per  minute  are  required  at  full  load. 

Now,  pick  out  the  number  of  heterogeneous,  incompatible  and 
erratic  units  in  that  brief  statement,  and  then  imagine  how  any 
sensible  engineer  can  really  maintain  that  such  a  system  of  units 
does  not  constitute  a  terrible  and  foolish  handicap  to  progress  in 
engineering. 

Comfort  A.  Adams:  It  seems  to  me  a  crime,  that  men  who 
call  themselves  engineers,  who  talk  much  about  efficiency  in  the 
machines  they  develop,  will  continue  to  encourage  the  perfectly 
inhuman  and  wasteful  system  of  units  so  aptly  described  by 
Dr.  Steinmetz,  when  its  use  involves  a  loss  in  efficiency  on  the 
part  of  every  one  of  us,  of  every  man  who  has  an>iihing  to  do 
with  engineering,  which  is  almost  incredible.  I  believe  it  is  a 
conservative  statement  that  the  average  engineer  wastes  a 
working  year  of  his  life  by  the  use  of  our  messy  system  of  units. 
Frequently  .a  student  of  limited  capacity  will  fail  to  grasp  the 
real  physical  significance  of  a  problem,  because  of  the  confusion 
of  tmits. 

The  myriawatt  is  only  a  step,  but  in  the  right  direction.  We 
are  fortunate  in  having  such  a  good  representative  as  Mr. 
Stott  in  the  American  Society  of  Mechanical  Engineers.  He 
should  certainly  have  the  vigorous  support  of  every  electrical 
engineer. 

Leo  Schuler:  I  have  learned  with  great  pleasure  that 
the    European    engineers    are    working    at    about    2.5    per 
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cent  greater  efficiency  than  you  do,  and  I  do  not  think 
that  I  need  say  anything  additional  to  what  has  been  said 
in  favor  of  the  introduction  of  the  metric  system  in  engineering 
work  in  the  United  States.  Nevertheless,  I  would  not  propose 
that  you  begin  this  reformation  by  the  introduction  of  another 
new  unit,  the  m>Tiawatt,  as  proposed.  The  kilowatt  is  such  a 
well-known  unit  already,  even  here  in  America,  that  I  think  con- 
fusion would  be  increased  by  another  word,  the  myriawatt;  I 
must  also  say  that  Mr.  Stott  is  mistaken  if  he  thiiiks  that  the 
prefix  "  myria  "  is  very  well  known  in  Europe.  As  a  matter  of 
fact,  it  is  not.  Nobody  uses  it  as  a  prefix,  neither  for  myria- 
meter  or  anything  else.  I  think  it  would  be  better  to  say  10 
kilowatts  instead  of  one  myriawatt. 

In  regard  to  the  introduction  of  the  kilowatt  as  a  mechanical 
unit,  that  is  making  good  headway  and  the  Society  which  I 
represent  here  at  this  meeting,  the  Verband  Deutscher  Elektro- 
techniker,  has  already  decided  to  rate  electric  motors  in  kilo- 
watts, beginning  January  1,  1914.  It  was  arranged  to  give  the 
manufacturers  about  two  years'  time  for  changing  their  name- 
plates  and  types.  They  could  not  rate  a  one-h.p.  motor  at 
0.746  kilowatts  but  they  must  have  it  in  roimd  figures.  There 
has  been  practically  no  difficulty  in  introducing  the  kilowatt  by 
the  Verein  Deutscher  Ingenieure,  and  the  proposed  new  ex- 
pression, the  "neupferd",  or  in  English,  the  *'  new  horse,"  has  been 
proposed,  not  by  the  mechanical  engineers  but  by  the  electrical 
engineers,  to  facilitate  its  introduction  by  the  mechanical  engi- 
neers; the  mechanical  engineers,  however,  say  that  they  do  not 
want  it,  that  they  can  understand  **  kilowatt ''  well  enough. 

H.  M.  Hobart:  It  has  been  my  experience  that  here  in 
America  the  2000-lb.  ton  is  the  chief  stumbling  block  to  the  in- 
troduction of  the  metric  system.  The  other  stumbling  blocks 
to  which  Mr.  Stott  and  Dr.  Steinmetz  have  alluded  are  serious, 
but  the  2000-lb.  ton  is  the  chief  difficultv.  There  is  not  much 
good  to  be  accomplished  in  getting  people  to  change  pounds  into 
kilograms,  if  you  are  going  to  have  the  irrational  relation  between 
the  kilogram  and  the  ton,  yet  you  will  rarely  find  an  American 
engineer  who  will  countenance  any  notion  that  there  can  be  any- 
thing better  than  the  American  ton.  In  this  matter  of  the  2000-lb. 
ton,  America  stands  alone.  The  2000-lb.  ton  is  never  used  by 
engineers  in  the  British  Empire.  If  in  England  it  is  said  that  the 
weight  of  anything  is  100  tons  it  is  taken  as  a  matter  of  course 
to  mean  100  tons  of  2240  pounds.  The  English  ton  is  2240 
pounds.  The  metric  ton  is  equal  to  2204  pounds,  but  the  differ- 
ence of  only  about  one  per  cent  is  so  small  that  it  would  not  affect 
one  engineering  calculation  in  a  thousand.  If  you  can  accustom 
people  to  speak  in  tons,  you  have  a  common  bond  between  the 
metric  system  and  the  English  system,  and  the  way  is  smoothed 
for  introducing  the  kilogram,  which  for  all  practical  purposes 
is  the  one-thousandth  part  of  the  English  ton.  This  is  the  con- 
necting link  which  is  not  available  in  America,  and  in  my  opinion 
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it  is  to  a  considerable  extent  for  this  reason  that  the  metric  sys- 
tem is  used  far  more  extensively  in  England  than  in  America. 
America  is  away  behind  in  the  introduction  of  the  metric  system. 
Some  six  or  eight  years  ago  I  worked  out  a  set  of  steam  tables, 
at  a  tremendous  expenditure  of  labor,  in  which  I  gave  the  energy 
inkw-hr.  per  ton  of  steam  for  all  temperatures  and  pressures, 
and  with  vertical  columns  for  various  degrees  of  superheat 
— ^no  superheat,  50  deg.  superheat,  100  deg.  superheat,  and 
so  on,  and  I  published  these  tables  in  a  book  entitled  "  Heavy 
Electrical  Engineering."  I  do  not  believe  these  are  yet  used  by 
anyone  except  myself.  I  am  pleased  to  hear  the  proposal  by  Mr. 
Stott  that  tables  of  this  kind  should  be  employed.  They  are  al- 
ready available  in  the  book  to  which  I  have  alluded. 

Charles  P.  Steinmetz:  I  entirely  agree  with  Professor  Adams 
that  it  is  a  crime  for  mechanical  engineers  to  hold  on  to  a  mis-sys- 
tem of  imits,  but  I  know  of  a  greater  crime  still,  and  that  is  that 
men  who  do  not  have  to  deal  with  factory  foremen  or  boiler  testers 
or  other  people  of  limited  horizons  of  intelligence,  incapable  of 
understanding  anything  new, — that  men  who  arc  working,  not 
for  today,  but  for  future  generations,  that  is,  very  many  educa- 
tors throughout  our  educational  institutions,  our  colleges  and 
imiversities,  in  the  electrical  engineering  departments,  teach  the 
English  system  witti  its  inches,  pounds,  and  gallons,  its  British 
thermal  units  and  its  fahrenheit  degrees,  first,  because  they  desire 
to  pose  as  practical  men  and  secondly  because  they  are  too  in- 
veterately  lazy  to  do  anything  but  drift. 

Now,  there  is  where  we  can  do  more  good  than  anywhere  else, 
by  really  giving  the  instruction  in  the  metric  system.  It  would 
materially  increase  the  efficiency  of  the  work  of  these  sound  engi- 
neers to  impart  the  metric  system  to  them.  You  cannot  trans- 
fer quickly  from  anything  to  anything  else,  say  from  an  electrical 
phenomenon  to  a  thermal  phenomenon,  without  running  the 
chance  of  being  hopelessly  mixed  up,  by  the  use  of  the  English 
s>'stem,  and  you  need  the  metric  system  to  assist  you. 

I  believe  what  ought  to  he  done  is  that  universities  and  colleges 
should  teach,  not  simply  and  purely  the  metric  system,  but  they 
should  very  thoroughly  teach  the  method  of  reduction  from  the 
English  to  the  metric,  and  from  the  metric  to  the  English  system, 
and  educate  the  new  generation  to  do  all  calculating  work  in  the 
metric  system,  and  to  transform  given  data,  which  are  in  the 
English  system,  into  the  metric  systetn,  make  calculations  in  the 
metric  system,  and  retransfonn  the  results  back  from  the  metric 
system  into  the  English  system.  This  gives  a  much  higher 
degree  of  reliability  to  the  calculation,  because  it  eliminates  the 
enormous  possibility  of  making  a  mistake  in  the  irregular,  irra- 
tional reduction  factors,  in  using  thermal  units,  and  foot-pounds 
and  kilowatts,  and  boiler  horse  power,  and  any  one  of  the  twenty- 
five  different  units  for  the  same  quantity. 

I  was  very  badly  mixed  up  in  iny  last  attrm])t  at  using  the 
Engh'sh  system,  and  I  found  it  necessary  to  traTisform  all  the 
data  procured  from  the  English  systetn,  into  the  metric  system, 
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do  all  the  calctdating  metrically,  and  transform  the  results  back. 
It  is  much  more  efficient  to  do  this. 

After  all,  what  we  want  to  do  in  educating  young  engineers 
is  to  educate  them  to  do  the  work  efficiently.  The  most  efficient 
way,  naturally,  is  by  the  exclusive  use  of  the  metric  system,  but 
as  long  as  the  practical  men  are  always  lagging  one  or  two  genera- 
tions behind  the  world,  and  they  are  still  using  the  English  sys- 
tem, the  next  efficient  way  wotdd  be  to  do  all  the  work  in  the 
metric  system  and  transform  from  the  English  to  the  metric, 
and  from  the  metric  back  to  the  English,  in  using  the  terms  and 
giving  the  results. 

B.  G.  Lamme:  I  am  fully  in  accord  with  any  move  to  rate 
motors  in  kilowatts,  instead  of  horse  power.  There  is  one  fortu- 
nate thing,  with  our  present  mixed  system,  which  will  help 
us  in  making  this  change.  We  have  been  rating  apparatus 
largely  in  halves,  quarters  and  eighths,  instead  of  in  decimals  of 
horse  power,  and  the  relation  between  the  kilowatt  and  horse 
power  is  practically  three-fourths,  so  that  in  a  great  many  cases, 
in  changing  from  horse  power  rating  to  the  kilowatt,  we  do  not 
obtain  any  particularly  odd  ratings.  For  instance,  50  h.p. 
would  be  changed  to  37.5  kw.,  which  is  at  present  in  common  use 
in  generating  apparatus.  One  h.p.  would  mean  0.75  kw.  We 
would  therefore  be  able  to  change  to  the  kilowatt  rating  with 
very  little  confusion. 

James  Burke:  I  think  there  is  considerable  advantage,  some- 
times, in  having  both  systems — ^it  sometimes  gives  us  a  chance 
to  think  what  we  are  going  to  say  in  answer  to  a  question,  while 
we  are  apparently  taking  time  to  convert  from  one  system  to  the 
other.  There  is  also  a  certain  romantic  influence  in  maintaining 
some  of  the  old  units.  I  come  from  a  part  of  the  country  where 
we  still  talk  of  **  two  bits  '*  instead  of  twenty-five  cents. 

I  would  ask  Mr.  Schuler  if  it  is  not  true  that  in  Germany  they 
still  use  the  60  seconds  for  a  minute  and  60  minutes  for  an  hour. 
In  this  country  the  decimal  hour  has  come  largely  into  use  in 
manufacturing,  and  time  records  in  manufacture  are  kept  in 
decimal  parts  of  the  hour.  I  would  also  like  to  ask  Mr.  Schuler 
if  it  is  not  true  that  in  Germany  the  English  system  of  threads 
on  bolts,  nuts  and  screws  is  still  the  commercial  system,  rather 
than  the  metric  system. 

Leo  Schuler:  Of  course,  Mr.  Burke  knows  that  it  is  so,  and 
he  need  not  ask. 

I  would  say,  in  reply  to  what  Mr.  Lammc  said,  that  the  time 

lost  is  not  only  in  making  the  transformation,  but  you  have  to 

transform  from  one  kind  of  unit  to  another  kind  of  imit  in  your 

calculations.     For  instance,  when  you  wish  to  calculate  the 

energy  stored  in  a  moving  mass,  if  the  mass  is  given  in  kilograms 

1ft  i'* 
and  the  speed  in  meters  per  second,  then  the  fraction         ^ 

equals  watt-seconds. 

A.  E.  Kennelly:  How  far  are  they  using  the  metric  sys- 
tem in  screw  threads  in  Germany? 
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Leo  Schuler:  Metric  screws  are  used  for  small  apparatus  only. 
For  machinery  screws,  generally  the  Whitworth  system  is  used. 

L.  W.  Chubb:  In  expressing  any  physical  quantity  it  is  better 
to  follow  the  most  common  custom.  In  speaking  of  power  it  is 
customary  to  speak  of  watts  when  below  1000  and  kilowatts  above 
this  figure.  A  20-megawatt  generator  was  mentioned  yester- 
day, but  such  an  expression  of  rating  is  uncommon. 

The  most  familiar  and  desirable  prefixes  are  limited  to  every 
third  digit  and  every  third  decimal  place.  "  Kilo,'*  **  mega  '*, 
"  milli  "  and  "  micro  "  are  common  and  desirable.  Deka,  hecto, 
mjrria,  deci,  centi,  are  uncommon,  except  in  the  case  of  centi- 
meter, which  in  reality  is  the  working  unit,  and  one  of  the  three 
fundamental  metric  units. 

What  is  wanted  is  standardization  and  not  deception.  The 
myriawatt  seems  to  have  no  advantage  except  to  deceive  the 
iminitiated  regarding  the  efficiency  of  the  mechanical  end. 

Charles  P.  Steinmetz:  I  do  not  agree  as  to  the  difficulty  of 
introducing  the  myriawatt.  I  think  it  would  "be  difficult  to 
introduce  the  kilowatt  in  this  connection,  for  two  reasons;  first, 
it  means  a  rise  of  10  points,  that  is,  where  the  practical  man 
would  speak  of  a  lOO-h.p.  boiler,  it  would  be  necessary  to  speak 
of  a  lOOb-kw.  boiler,  and  that  is  beyond  the  mental  capacity  of 
the  users  of  the  English  system.  We  must  consider  that  we  are 
not  all  engineers,  but  that  the  majority  of  the  people  who  are 
using  the  English  system  are  working  men,  and  factory  foremen, 
etc.,  and  that  must  be  considered,  and  it  would  be  a  hardship 
to  have  everything  increased  in  numerical  value  by  ten-fold. 
Under  the  plan  which  we  are  now  considering,  in  order  to  supply 
steam  to  a  100-kw.  generator,  a  1000-kw.  boiler  would  be  re- 
required,  and  that  would  be  a  difficult  designation  to  bring  about 
amongst  the  less-educated  people.  Moreover,  the  educated 
mechanical  engineers  would  also  rather  resent  the  adoption  of  a 
nomenclature  which  would  disclose  the  low  efficiency  of  me- 
chanical and  thermodynamic  transformations. 

After  all,  we  have  to  realize  that  the  persistent  adherence  to 
the  English  system  by  mechanical  engineers  is  not  altogether 
conservative,  but  there  is  also  a  rather  mixed  feeling,  not  to  say 
consciousness,  the  feeling  that  if  they  go  to  a  system  of  units 
based  upon  the  metric  system  it  does  not  look  well.  It  does  not 
look  bad  to  say  you  use  so  many  pounds  of  coal  per  B.t.u.,  and 
that  there  are  so  many  B.t.u's.  in  a  certain  number  of  kilowatt- 
hours,  but  it  does  look  bad  to  say  that  you  use  15  joules  of  coal 
to  produce  10  joules  of  steam  energy,  and  thac  10  joules  of  steam 
energy  are  required  to  supply  1  joulo  of  electrical  energy.  The 
metric  system  shows  up  the  efficiency  of  transformation. 

We  have  nothing  to  be  ashamed  of  as  electrical  engineers,  but 
the  mechanical  engineers  are  faced  by  the  inherently  low  effi- 
ciency of  mechanical  and  thermodynamic  transformations,  and 
they  do  hot  care  to  flaunt  these  low  efficiencies  too  much  before 
the  public. 


A  paper  pr§s€nUd  at  iht  Midwinter  Cohmm- 
tion  of  tkt  American  Institute  of  Electrical 
Engineers,  New  York.  February  27,  1913. 

Copyright.  1913.     By  A.  1.  E.  E. 


INDUCTION   MOTOR  LOAD  LOSSES 


BY   HENRY    G.    REIST   AND   A.  £.    AVERRETT 


The  question  of  load  losses  on  induction  motors  frequently 
comes  up  when  the  various  methods  of  testing  are  discussed. 

It  is  usually  more  desirable  to  measure  the  losses  and  thus 
obtain  indirectly  the  efficiency,  than  to  obtain  it  from  a  direct 
input  and  output  test,  because  a  variation  of  two  or  three  per 
cent  in  the  losses  will  affect  the  efficiency  results  only  slightly, 
while  on  direct  measurement  the  error  would  be  large. 

Commercial  circuits  are,  as  a  rule,  more  or  less  unsteady,  both 
voltage  and  frequency  changing,  dependent  upon  the  load;  as  both 
efficiency  and  power  factor  largely  depend  on  the  constancy  of 
conditions,  it  is  desirable  to  eliminate  methods  which  require 
laboratory  conditions  to  insure  accuracy. 

On  large  machines  it  is  almost  impossible  to  take  direct 
measurements,  on  accoimt  of  limited  power.  Therefore,  some 
method  of  determining  the  efficiency  by  losses  is  imperative. 

The  losses  usually  measured  are  core  losses,  friction  and  wind- 
age, primary  and  secondary  PR  losses.  See  A.  I.  E.  E.  Standard- 
ization Rules,  sections  162-167.  Core  loss  is  usually  nearly  con- 
stant, but  under  certain  conditions  may  increase  with  the  load 
and  materially  reduce  the  efficiency. 

The  customary  method  of  obtaining  the  core  losses  is  to  run 
the  machine  without  belt  at  gradually  reduced  voltage  until  it 
breaks  down,  reading  both  watts  and  amperes;  curves  of 
these  values  are  plotted,  and  the  point  where  the  watt  curve 
extended  passes  through  the  ordinate  at  zero  voltage  is  taken  as 
friction. 

The  PR  at  normal  voltage  is  subtracted  and  the  remainder 
is  taken  as  core  loss. 
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Prfrrarv  PR  L=  iirrni'l"  -■>  -a— a-  "^  -rhe  sccor-'iarr.  -Trhen  of  a 
^j^x.rh^K  ''r^^-TT'yzr.l  "--#-.  •-  ilv.  ::r-r:*ly  iT-r-r^!.  ou*  when  a 
v.-:~-:I  rai'r:  ii':»'-   '-'  r".-5*.  :•:  •■  : li:-.-- i  *'  y  :r  i:'.^::  rrx'-h-xi:;.  and 

mm  *  B  ■ 

L.OAD    L*I''?5£.^ 

VrAer  cenafr.  cor.-i:*: :.r^  the  c :re  I:«<s  and  /^i?  are  materially 

W?.fm  5sa*.-jraf>>r.  «:<rvr-r=  in  the  ir^n.  iue  :o  the  i«.»ad  cur- 
r'rr.t.  '.hif;  corv  I>5.s  m^y  '»^  incr-raic--!  on  i.vi.un:  or  :i  changed 
flux  di.-itributxon.  This  i>  e^-jecially  n-:»:icvabl^  in  ir.o:«'kr<  with 
f:on;:-»k-t/::v  cI<rsoi  si'-fti.  thi".  i<.  •arith  a  :h:n  irvin  '[>ridi,v  acp:»ss 
what  'Aould  normaiiy  be  the  slot  opening:. 

Such  motors  do  not  have  a  constant  reactance  or  core  loss, 
but  both  change  \^-ith  load,  due  to  the  saturation  in  the  thin 
iron  parts — the  core  loss  increasing  and  the  reactance  decreasing. 
Under  these  conditions  the  only  correct  method  of  obtaining  the 
efficiency- is  by  an  input -out  put  test.  Theamperesat  short  circuit, 
^-ith  the  rotor  blocked,  increase  more  rapidly  than  the  voltage, 
whereas  a  motor  without  saturation  will  show  amperes  propor- 
tional to  the  voltage. 

Nearlv  all  motors,  however,  will  show  some  saturation  in  the 
bUxrk'e^l  condition  when  sevrral  timt-s  full  load  current  j)asses, 
and  a  constant  core  loss  shouKl  Ije  assume<l  only  through  the 
range  of  short-circuited  current  when*  the  amiK^rt^s  are  propor- 
tional to  the  voltage. 

Copper  Losses 

The  cojipcr  losses  are  also  subject  to  correction.  Eddy  cur- 
rents will  apjxjar  wherever  heavy  conductors  are  used.  These 
eddy  losses  are  shown  by  the  wattmeter  readings  taken  \N'ith  the 
rotor  blocked.  Those  chargeable  to  the  stator  are  additional 
to  the  primary  PR  from  measured  resistance;  those  Monging 
to  the  rotor  or  secondary  practically  disappear  imder  load  con- 
ditions, due  to  the  low  frequency  of  slip. 

In  order  to  separate  these,  the  rotor  can  be  removed  and  a 
stator  test  made  with  amperes  and  watts;  if  there  are  no  eddies 
the  PR  and  measured  watts  will  agree,  but  if  not,  the  excess 
watts  will  represent  additional  losses  which  api>ear  under  load, 
and  can  be  represented  by  an  effective  resistance. 

Tests  have  been  made  which  verify  the  above  statements; 
round  wires  or  rectangtilar  strips  of  one  cm.  or  less  for  a  maximum 
dimension,  apparently  do  not  show  any  appreciable    loss  at 
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60  '^  or  less ;  this  maximum  dimension,  however,  should  be  further 
studied,  as  sufficient  tests  have  not  been  made  to  give  the  maxi- 
mirni  limit.  Certain  deep  bar-wound  stators,  however,  have 
shown  losses  up  to  five  or  six  times  the  losses  due  to  PR  alone. 

Deep  bar  secondaries  show  a  large  eddy  loss  at  standstill, 
which  practically  disappears  at  slip  frequency,  but  the  reduc- 
tion in  eddies  at  slip  is  partially  made  up  by  an  increase  in  re- 
actance and,  therefore,  a  reduction  in  power  factor;  there  seems 
no  easy  way  at  present  to  determine  this  effect,  except  by  an 
input-output  test. 

Core  Losses 

Tests  were  made  on  a  machine  with  completely  closed  stator 
slots,  having  a  web  0.03  in.  (0.76  mm.)  thick,  and  repeated  on  the 
same  stator  having  a  1/16-in.  (1.58  mm.)  and  also  a  J-in.  (3.17mm.) 
opening,  the  same  rotor  being  used  in  each  case,  it  having  1/16-in. 
(1.58  mm.)  opening.  The  primary  had  72  slots  and  the  sec- 
ondary 47  slots.  The  following  are  the  results: 


Completely  closed 

I 

1/16-in. 

opening 

1/8-in. 

opening 

Voltage 

Watts 

Amperes 

Watts 

Amperes 

Watts 

Amperes 

110 

220  (norman 

300 

52 

224 

390 

3.62 
6.55 
9.25 

51 
202 
328 

3.9 
7.2 
9.85 

54 
208 
350 

4 

7  6 
10.5 

As  there  were  eight  conductors,  it  will  be  noticed  that  the 
ampere  conductors  per  slot  arc  low. 

The  full-load  current  is  25  amperes  so  that  there  will  be  con- 
siderable satiu-ation  and  tufting  of  flux  at  load  current,  and, 
therefore,  increased  core  loss.  The  following  standstill  voltages 
and  currents  show  the  effect  of  saturation. 


Closed  slots 

1/16-in.  opening 

1/8-in.  opening 

Volts 

Amperes 

Amperes 

Amperes 

20 

4 

9.5 

10.5 

30 

6i 

14.5 

15.8 

40 

11.6 

19.5 

21.0 

60 

22 

29.5 

31.2 

80 

32 

39 

41.5 

The  curves  herewith  show  more  clearly  the  saturation  effect 
of  the  completely  closed  slots. 

A  method  of  testing  induction  motors  largely  used  in  Europe 
measures  the  input  by  wattmeters;   the  core  loss,  iriclion,  atvd 
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primary  PR  are  subtracted  from  the  input,  and  the  result  is 
called  the  primary  output.  This  is  multiplied  by  the  per  cent  of 
synchronous  speed  (1  per  cent  slip)  and  called  the  secondary 
output.  While  not  strictly  correct  it  is  as  close  as  is  commer- 
cially practicable,  except  in  cases  of  bar-wound  stators  or  non- 
proportional  impedance  ciui^es. 


400 


300 


CORE  LOdS 


CO 

H»0 


100 


100 


^00 
VOLTS 


eO         40  60 

VOLTS 


The  losses  method  does  not  show  correct  results  when  the  stand- 
still ampere  curve  is  bent  as  shown  above. 


Results  of  Tests:  Load  Tests 

A  number  of  tests  on  wire-wound  machines  with  partly  open 
and  straight  slots  have  been  made,  checking  efficiency  and  power 
factor  by  input-output  method  with  the  method  of  losses  (A.  I. 
E.  E.  method.)  These  cover  machines  from  fractional  to  150 
h.p.  From  29  tests  ten  showed  lowest  efficiency  by  loss  method, 
and  the  remaining  19  showed  lowest  by  brake  test.  The  average 
is  about  three-fourths  of  one  per  cent  lower  by  brake  than  by 
losses. 

Two  bar-wound  stator  machines  showed  1.4  per  cent  and  3 
per  cent,  respectively,  lower  by  load  test  than  by  losses  method. 
Unfortunately,  tests  were  not  made  on  the  stator  alone  to  deter- 
mine eddy  losses.  As  these  were  tested  commercially  no  great 
accuracy  should  be  expected,  but  they  show  a  general  agreement 
of  the  two  methods. 

The  following  are  the  results  from  a  certain  induction  motor 
which  has  completely  closed  slots  in  both  stator  and  rotor:   the 
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efficiency  from  method  of  losses  was  0.881,  while  from  an  input- 
output  test  0.774  was  obtained;  the  power  factor  by  losses 
method  was  0.901,  and  from  input-output  tests  0.903. 

This  result  is  rather  startling,  but  the  tests  have  been  made 
carefully,  and  while  not  conclusive,  show  that  the  question  of 
load  losses  on  completely  closed  slot  motors  may  become  seri- 
ous. As  both  stator  and  rotor  are  wire-wound  with  small  wire, 
and  the  PR  total  checks  very  closely  with  the  watts  at  stand- 
still, it  would  seem  the  extra  losses  are  due  to  saturation  of  the 


Horw  power 

Rev.  per  min. 

Efficiency  by 

Efficiency  by 

Difference 

• 

losses  method 

brake  method 

per  cent 

10 

1800 

85.85 

84.2 

1.65 

7* 

1500 

81.2 

79.7 

1.5 

5 

900 

85.7 

85.2 

0.5 

3 

1200 

80.4 

80.5 

—0.1 

2 

1000 

80.2 

79.3 

0.9 

1 

1200 

80.9 

82.6 

—1.5 

1.5 

1000 

75.5 

74.85 

0.65 

« 

1200 

70.1 

72.2 

-2.1 

1 

800 

56.2 

53.5 

2.7 

1/6 

900 

36.2 

34.8 

1.4 

« 

1200 

68 

70.3 

—2.3 

1 

450 

51.6 

50.2 

1.4 

« 

000 

46.3 

43.8 

2.5 

6 

1800 

85.9 

84.6 

1.3 

7  « 

1800 

85.5 

87.4 

—1.9 

2 

1800 

82.6 

84.2 

—1.6 

10 

1800 

89.8 

90.3 

—0  5 

9 

1200 

84.8 

86.5 

—1.7 

2 

1800 

86.6 

86.3 

0.3 

20 

1800 

87.2 

89.4 

—2.2 

1 

1800 

81.2 

78 

3.2 

7  « 

1800 

87 

86.9 

0.1 

150 

600 

93.2 

91.8 

1 . 4  bar-  wound 

36 

360 

88.1 

85.1 

3          •       • 

50 

600 

89.4 

89 

0.4 

20 

800 

88.2 

88.0 

0.4 

30 

800 

90.5 

91 

—0.5 

10 

1200 

87.5 

86 

1.5 

10 

1200 

85.6 

87 

1.4 

teeth.     The  core  loss  running  light  is  6  per  cent  of  the  rated 
output. 

A  further  test  has  been  made  on  a  motor  with  partly  closed 
primary  slots  and  completely  closed  rotor  slots,  the  thickness  of 
the  web  being  one  mm.:  the  core  loss  running  light  was  2.3  per 
cent  (approximately  J  of  what  would  be  obtained  if  one  member 
were  of  the  usual  straight  slot  construction). 

At  one-half  load  the  difference  in  efficiency  between  the  loss 
method  and  input-output  was  1.7  per  cent,  at  three-c\viai\^t  \o«A 
22  per  cent,  at  full  load  2.8  per  cent,  at  one-Via\i  \oad  ^  A  v^t 
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cent.     The  corresponding  differences  in  power  factor  were  1  per 
cent,  §  per  cent,  0.2  per  cent,  and  0.2  per  cent. 

The  load  test  was  taken  by  a  friction  brake  and  is  the  average 
of  a  number  of  readings,  it  being  necessary  to  take  a  number  on 
account  of  scattering  points. 

The  motor  was  designed  to  have  a  large  core  loss  and  small 
copper  loss,  therefore,  the  load  losses,  due  to  satiu-ation  of  the 
thin  overhang,  are  not  as  large  as  would  be  the  case  in  a  motor 
of  more  ampere-tums  per  slot,  such  as  a  standard  type. 

The  results,  however,  show  a  decided  load  loss,  increasing  ap- 
proximately proportionally  to  the  load. 

The  results  of  these  two  load  tests  are  in  agreement,  and  seem 
to  indicate  that  load  losses  of  considerable  magnitude  may  be 
exj^ected  when  the  iron  paths  are  saturated,  due  to  load  current. 

In  connection  with  the  above,  to  show  the  effect  of  tufted  flux, 
certain  tests  were  made  on  machines  with  and  without  magnetic 
wedges;  the  magnetic  wedge  approaches  the  condition  of  a 
nearly  closed  slot.  Where  the  wedge  was  properly  made  and 
insulated  the  core  loss  was  one-half  to  one-third  of  the  corre- 
sponding straight  slot;  with  a  poorly  insulated  wedge,  however, 
the  losses  increased  from  two  to  three  times,  sho\\'ing  that  mag- 
netic wedges  require  very  careful  design  and  handling.  Due  to 
the  structiu"e  of  the  wedges  more  or  less  of  an  air  path  was  in- 
cluded by  the  wedges  and  the  short-circuited  current  was  directly 
proportional  to  the  voltage. 

The  effect  of  filing  and  turning  on  the  cores  is  shown  as  an 
excess  core  loss  during  the  excitation  or  running  light  test;  it  is 
constant  for  a  given  machine,  but  is  largely  the  cause  of  the  dif- 
ferent core  loss  measurements  on  duplicate  machines. 

Designing  engineers  are  aware  of  the  above  conditions  and  the 
general  practise  at  present  is  to  build  motors  with  an  air  path 
somewhere  in  the  magnetic  circuit  of  each  slot. 

Present  experience  seems  to  indicate  that  where  there  is  no 
saturation  or  bend  in  the  standstill  or  impedance  ciu"ve,  there 
are  no  appreciable  load  losses;  where  wire  winding  is  used  no 
allowances  are  necessary  for  copper  losses;  where  bar- wound 
machines  are  used  it  is  necessary  to  test  the  stator  without  the 
rotor  to  detennine  the  stator  copjx^r  losses;  bar- wound  rotors 
show  a  greater  loss  and  a  lower  inductance  at  standstill  than 
when  running.  Half  or  quarter  frequency  tests  will  largely  de- 
termine the  eddy  losses  which  modify  secondary  slip  and  react- 
ance.   The  slip  is  a  direct  measure  of  the  secondary  loss. 


A  paper  prestnied  at  tht  MidwinUr  CottMn- 
Hon  of  the  American  Institute  of  Electrical 
Engineers,  New  York.  February  27.  1913. 

Copyright,  1913.     By  A.  I.  B.  E. 


STRAY  LOSSES  IN  INDUCTION  MOTORS 


BY   A.    M.    DUDLEY 


Section  167  of  the  Standardization  Rules,  referring  to  induc- 
tion motors,  states,  **These  losses  (load  losses)  may  for  practical 
purposes  be  determined  by  measuring  the  total  power,  with  the 
rotor  short-circuited  at  standstill  and  a  current  in  the  primary 
circuit  equal  to  the  primary  energy  current  at  full  load.  The 
loss  in  the  motor  under  these  conditions  may  be  assumed  to  be 
equal  to  the  load  losses  plus  PR  losses  in  both  primary  and  sec- 
ondary coils." 

It  is  the  purpose  of  this  paper  to  point  out  that  the  losses 
as  measured  according  to  this  section  in  many  cases  include  losses 
which  are  not  present  when  the  motor  is  operating  at  normal 
full-load  speed  and  which  cannot,  therefore,  justly  be  called 
load  losses  and  charged  against  the  efficiency  of  the  motor  as 
calculated  by  the  '*  summation  of  losses  "  method. 

It  is  the  further  purpose  to  point  out  a  method  by  which  the 
separate  losses  in  a  motor,  including  the  load  losses,  may  be 
segregated  from  no-load  readings  with  reasonable  assurance 
that  the  motor  efficiency  as  figured  therefrom  will  be  as  close 
to  the  efficiency  measiu'ed  by  the  input-output  readings  when 
the  motor  is  running  under  load  as  is  the  limit  of  error  neces- 
sarily encountered  in  taking  these  readings,  even  with  laboratory 
methods. 

The  reason  for  presenting  the  j^roblem  as  it  is  stated  in  the 
last  paragraph  appears  from  a  consideration  of  the  practical 
difficulties  encountered  in  testing  units  of  such  a  size  as  to 
make  it  difficult  to  secure  facilities  for  running  an  actual  load 
test,  either  on  the  premises  of  the  manufacturer  or  after  instal- 
lation, in  regular  service. 

The  limitations  of  the  manufacttirer  in  this  case  are  usually 
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(a)  lack  of  mechanical  apparatus  for  connecting  the  motor  to  a 
suitable  load,  (b)  lack  of  a  suitable  load,  cither  mechanical  or  in 
the  nature  of  an  electrical  generator,  and  (c)  insufficient  power  to 
operate  the  unit  when  developing  full  load. 

The  limitations  of  the  ultimate  user  which  act  against  a  suc- 
cessful test  after  installation  are  (a)  inability  to  control  the 
load  within  reasonable  variations  while  observations  are  being 
taken ;  (b)  lack  of  proper  facilities  in  the  way  of  precision  instru- 
ments and  other  appliances  for  suitably  conducting  such  tests, 
and  (c)  lack  of  a  sufficient  number  of  properly  trained  observers 
for  taking  the  readings. 

Added  to  the  foregoing  disadvantages  is  the  further  one, 
pointed  out  in  Mr.  Olin's  paper  in  the  1912  Transactions*, 
that  errors  in  observations  on  load  tests,  or  so-called  input- 
output  tests,  reduce  their  reliability  below  that  obtained  by 
making  a  careful  determination  of  the  separate  losses  from  no- 
load  readings  and  determining  the  efficiency  by  the  "summa- 
tion of  losses  "  method. 

Recognizing  these  facts,  it  has  become  standard  practise  on 
induction  motors  of  small  and  moderate  capacities  to  compute 
efficiencies  in  the  following  manner:  A  reading  is  taken  of  the 
amperes  and  watts  input  to  the  motor  at  full  voltage  when  run- 
ning idle.  From  this  is  subtracted  the  PR  losses  due  to  the  no- 
load  current  and  the  remainder  is  considered  to  be  the  friction 
and  windage  plus  the  '*  rotation  loss  "  or  so-called  "  core  loss." 
There  is  a  slight  error  in  the  last  item  due  to  the  fact  that  the 
"  core  loss  "  should  be  taken  at  the  induced  rather  than  at  the 
applied  voltage,  but  in  all  but  very  small  units  this  error  is 
small.  To  the  foregoing  losses  are  added  the  primary  copper 
loss  at  proper  full-load  current  and  temperature,  and  the  sec- 
ondary copper  loss  as  shown  by  full-load  "  slip  *'  from  syn- 
chronous speed,  measured  by  brake.  These  total  losses  are 
added  to  the  output  at  the  current  chosen,  and  the  result  con- 
sidered the  input,  and  the  efficiency  computed  therefrom. 

So  soon,  however,  as  the  unit  becomes  of  a  size  where  it  is  diffi- 
cult  or  impossible  to  take  the  slip  under  actual  load,  a  question 
immediately  arises  as  to  the  amount  of  the  secondary  copper 
loss.  When  recourse  is  had  to  Section  167  of  the  Standard- 
ization Rules  quoted  above,  it  offers  no  means  of  segregating  the 
load  losses  from  the  secondary  copper  loss  after  the  primary 
copper  loss  has  been  subtracted  from  the  watts  input  to  the  motor 
at  standstill  at  normal  voltage. 

*Trans.  A.I.E.E.,  1912,  XXXT.  Part  II.  p.  1695. 
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It  is  this  uncertainty  that  makes  necessary  an  analysis  of  the 
natiire  of  these  so-called  load  losses  and  the  outlining,  if  possible, 
in  the  Standardization  Rules  of  the  Institute,  of  a  method  for 
segregating  this  loss  from  the  other  losses  in  the  machine. 

A  consideration  of  the  possible  causes  of  such  losses  suggests 
two  sources: 

a.  A  distortion  of  the  main  field  form  due  to  armature  re- 
action caused  by  working  load  currents,  or 

b.  Eddy  currents  in  the  copper  conductors  due  to  the  main 
field. 

On  account  of  the  symmetry  of  the  core  and  distribution  of 
the  windings  it  may  safely  be  assumed  that  there  is  very  little, 
if  any,  distortion  of  the  field  form,  due  to  cause  "a,**  and  any  loss 
so  set  up  may  be  neglected. 

There  remain  the  eddy  currents  in  the  copper  due  to  the  main 
field. 

It  is  here  to  be  noted  that  with  the  rotor  at  standstill  and  a 
current  of  normal  frequency  flowing  in  the  primary,  the  fre- 
quency of  the  secondary  current  is  the  same  as  that  of  the  pri- 
mary. At  nonnal  full-load  speed,  however,  the  frequency  of 
the  rotor  is  very  low,  being  only  the  same  percentage  of  the 
primary  frequency  that  the  slip  is  in  percentage  of  synchronous 
speed.  From  this  it  foUow^s  at  once  that  where  the  cross-sec- 
tion of  the  rotor  conductors  is  such  as  to  permit  setting  up  of  eddy 
currents  there  may  be  a  very  a])preciablc  ])roportion  of  the  watts 
at  standstill  due  to  eddy  currents  in  the  rotor  copper  which  are 
not  present  when  the  rotor  is  running  up  to  s])ccd. 

Added  to  this  item  is  one  of  less  consequence,  due  to  iron 
loss  in  the  secondary  at  standstill  which  is  not  present  at  full 
speed. 

It  is,  therefore,  proper  to  charge  against  the  motor  the  eddy 
current  losses  in  the  primary  copper  but  exclude  those  due  to 
eddy  currents  in  the  secondary  copper.  To  get  at  a  method  of 
approximating  these  losses  more  closely,  a  scries  of  readings  was 
taken  on  a  motor  with  currents  of  varying  frequency  in  the  pri- 
mary windings.  These  results  arc  shown  in  Fig.  1.  From  these 
readings  it  appears  that  as  the  frequency  approaches  zero  the 
watts  input  becomes  very  nearly  that  due  to  the  copper  losses 
in  primary  and  secondary  caused  by  usual  resistances  of  the  wind- 
ings alone.  There  still  remains  the  question  of  segregating  the 
increased  loss  at  normal  frequency  into  eddy  current  loss  in 
the  primary  and  secondary  so  that  the  machine  need  not    be 
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charged  with  a  loss  occurring  in  the  secondary  at  standstill 
which  is  not  present  at  full  speed. 

There  are,  no  doubt,  several  ways  in  which  this  coidd  be 
accomplished,  of  which  two  may  be  mentioned  here. 

1.  The  increased  losses  over  the  ordinary  PR  losses  as  shown 
in  Fig.  1  may  be  divided  into  primary  eddy  current  loss  and 
secondarj'  eddy  current  loss,  in  proportion  to  the  square  of  the 
depth  of  the  conductor  in  the  slot  in  each  member.  This  is, 
in  a  way,  somewhat  empirical,  but  it  would  probably  give  as 
close  results  as  can  be  arrived  at  by  other  methods,  and  it  has  the 


rEMPERATUREOf  s 

CVClis  PER  SECOND 

Fig.    1— Vauiation    of     Eudv    Current    Losses    in     PKrMAi 

SKCONUARV  COPl'ER  WITH  VARIATION  IN  Fkequencv 
Induction  motor.  450  h.p.,  thtcu-phsie.  90  cycLei.  *40  volw.     8  poles,  870  rev. 


advanta^f  of  bting  simiilo,  sinct^  ihe  details  of  design  are  usually 
readily  available  wht'ii  conducting;  tests. 

2.  The  rotor,  if  of  the  phase-wound  type,  could  be  removed 
from  the  stator  and  suflicient  vollaKe  apj)lied  to  its  terminals 
to  eaust!  full-load  current  to  flow  in  the  windings.  A  measurement 
of  the  watts  input  under  this  condition  as  compared  with  the 
straifjht  PR  due  to  the  resistance  of  the  windings  would  indicate 
the  amount  of  the  eddy  current  loss  in  the  secondary  copper 
and  this  should  be  deducted  from  the  total  watts  input  to  the 
machine  at  standstill.  The  remainder  should  be  charged  against 
the  machine  as  the  usual  PR  loss  in  the  primary  and  secondary 
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plus  the  proper  load  loss  due  to  eddy  currents  in  the  primary 
conductors  caused  by  the  main  field. 

At  this  point  it  might  be  brought  out  that  the  value  of  the 
secondary  current  at  full  load  may  be  taken  from  the  Heyland 
diagram  or  some  modification  thereof,  or  it  may,  for  all  practical 
piuposes,  be  taken  from  the  following  formula:  Secondary  cur- 
rent per  terminal  at  full  load  =  horse  power  output  in  watts 
+  secondary  PR  loss  +  bearing  friction  and  windage  -r-  iiC  X 
volts  between  collector  rings  at  standstill  with  normal  voltage 
applied  to  the  primary.  X  =  1.73  for  three-phase  rotor  and 
=  2  for  two-phase  rotor. 

In  the  case  of  a  squirrel-cage  motor  the  rotor  could  be  removed 
from  the  stator  and  sufficient  voltage  aj^plied  to  the  terminals 
of  the  stator  to  cause  full-load  current  to  flow  therein.  A  meas- 
urement of  the  watts  input  under  this  condition  a5  compared 
with  the  straight  PR  loss  would  indicate  the  amount  of  eddy 
current  loss  in  the  primary  copper.  This  amount,  added  to  the 
ordinary  primary  and  secondary  copper  loss  determined  by  the 
method  shown  in  Fig.  1,  would  indicate  the  proper  copper  loss 
to  be  charged  against  the  machine. 

The  foregoing  discussion  has  reference  to  units  of  fairly 
large  capacity.  A  careful  study  of  smaller  machines,  where  the 
size  of  the  primary  conductors  does  not  exceed  a  No.  10  round  wire, 
shows  that  there  are  practically  no  load  losses.  It  is  not  necessary 
to  burden  this  paper  with  a  long  tabulated  statement  of  the  data 
investigated  to  prove  this  point,  but  a  brief  statement  will  cover 
the  results  of  this  investigation. 

Sixty-nine  motors  were  selected,  entirely  at  random.  They 
were  of  both  the  wound  rotor  and  squirrel-cage  types,  open  and 
closed  slots,  60  and  25  cycles,  two-  and  three-phase,  voltages  from 
220  to  2200  and  capacities  from  3i  h.p.  to  150  h.p.  A  comparison 
was  made  of  the  full-load  efficiencies  as  determined  by  careful  prony 
brake  tests,  with  the  efficiencies  by  summation  of  losses.  In  the 
efficiencies  by  losses,  no  item  was  entered  for  load  losses.  The  only 
losses  considered  were  })rimary  and  secondary  PR  losses, 
the  rotational  or  core  losses  and  the  mechanical  losses  due 
to  bearing  friction  and  windage.  It  was  assumed  that  if  there 
were  any  load  losses,  the  efficiency  by  brake  test  would  be 
consistently  lower  than  by  losses.  Such  was  not  found  to  be 
the  case.  Out  of  69  machines  the  efficiency  by  brake  test  was 
higher  in  34  cases;  the  efficiency  by  losses  was  higher  in  32  cases 
and  the  two  were  the  same  in  three  cases.     From  these  data, 
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and  an  experience  over  a  period  of  several  years  covering  a  large 
number  of  machines,  the  conclusion  is  drawn  that  for  machines 
in  which  the  primary  conductor  does  not  exceed  in  size  a  No.  10 
wire,  B.  &  S.  gage,  it  may  be  assumed  that  there  is  no  load  loss 
or  that  it  is  negligible  in  amount. 

Based  upon  the  foregoing  argument,  the  recommendation  is 
made  that  Section  167  be  modified  to  cover  two  conditions: 

1.  That  it  be  recognized  that  machines  having  primary  con- 
ductors of  small  cross-section  have  no  appreciable  load  loss,  and 
that  a  summation  of  loss  method  based  upon  the  usual  PR  losses 
meastu*ed  by  resistance  and  slip  is  sufficiently  accurate  for  de- 
termining their  efficiency. 

2.  That  on  machines  having  primary  conductors  of  com- 
paratively large  cross-section  and  consequently  some  load  loss 
in  the  primary  copper,  a  method  be  approved  for  determining  the 
efficiencies  from  no-load  readings,  substantially  as  described  in 
this  paper. 


A  pmHr  PwutnUd  t  the  UidwinUr  Conmm- 
fto»  of  tk»  American  InsHiuU  of  EUctrUal 
Engineers,  New  York,  FOfruary  27.  1913. 

Cop^gbt.  1913.     By  A.  I.  B.  B. 


NOTES  ON  INDUCTION  MOTOR  LOSSES 


BY    R.    W.    DAVIS 


The  object  of  this  paper  is  not  a  comprehensive  treatment  of 
the  subject,  but  a  few  notes  on  the  data  obtained  from  nimierous 
tests  on  induction  motors.  It  is  hoped  that  this  and  the  other 
papers  on  the  same  subject  will  lead  to  further  discussion  and  be 
of  assistance  in  bringing  about  a  revision  of  the  Standardization 
Rules  for  the  determination  of  fixed  and  stray  losses  in  induction 
motors. 

A  large  nimiber  of  tests  on  motors  of  various  sizes  for  25-  and 
60-cycle  circtiits  were  compared  and  the  data  tabulated.  The 
data  obtained  check  the  losses  as  given  by  the  Standardization 
Rules,  with  the  exception  of  the  fixed  and  stray  losses. 

The  power  input  to  the  motor  when  running  at  rated  voltage 
and  without  load  is  taken  by  the  Institute  rules  as  the  fixed  loss: 
t.f .,  friction,  windage,  core  and  copper  losses  which  may  exist  in 
mtdtiple  circuit  windings.  This  gives  too  large  a  figure,  since  it 
includes  the  stator  copper  loss  due  to  the  magnetizing  current. 
This  copper  loss  is  quite  appreciable  in  low-speed  motors. 
The  true  fixed  loss  should  therefore  be  taken  as  the  power  input 
minus  the  stator  copper  loss  produced  by  the  magnetizing  cur- 
rent. 

The  stray  losses  may  be  grouped  under  two  general  divisions: 
the  losses  in  the  stator,  and  those  in  the  rotor.  The  writer  is 
not  aware  of  any  satisfactory  method  of  determining  the  stray 
losses  in  the  stators  of  induction  motors.  An  induction  motor 
stator  is  very  similar  in  construction  to  the  stator  of  a  definite 
pole  alternator  of  corresponding  rating,  and  tests  on  the  latter 
apparently  show  that  with  properly  built  cores  the  stray  loss  in 
the  magnetic  circuits  of  definite  pole  alternators  is  negligible.  The 
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total  measured  loss  checks  very  closely  with  the  sum  of  the  Pr 
loss  and  the  computed  eddy  current  loss  in  the  conductor. 

Oscillograms  showing  the  distribution  of  the  flux  in  induction 
motor  stators  indicate  that  there  is  very  little  change  in  its  dis- 
tribution from  no-load  to  full.  It  therefore  seems  to  the  writer 
that  the  stray  losses  in  the  magnetic  materials  of  induction  motor 
stators  should  be  neglected.  The  data  on  stray  loss  in  copper, 
given  in  the  table,  were  computed  by  the  same  method  which 
was  found  satisfactory  for  definite  pole  synchronous  machines. 
These  stray  losses  are  expressed  in  per  cent  of  the  normal  stator 
copper  loss. 


1 

Per  cent 

Full  lu 

ad  slip 

Locked  losses 

Horse 
power 

Rev.  per 
min.  syn. 

statur 
stray 

Volts 

Cyclef" 

Total 

loss 

Test 

Calc. 

Sutor 

Rotor 

stray 

30 

500 

2200 

25 

* 

3 

2.4 

41.2 

23.6 

35.3 

40 

750 

440 

25 

5 

4.2 

3.5 

44.3 

38.2 

17.5 

76 

720 

440 

60 

1 

3.3 

3.5 

48.1 

33 

18.9 

100 

500 

2200 

25 

* 

2.4 

2.4 

45 

45 

10 

100 

600 

440 

60 

* 

3.1 

2.8 

41  5 

47.3 

11.2 

100 

720 

220 

60 

16 

3.3 

3.5 

35.3 

47 

17.7 

200 

500 

440 

25 

3 

2.8 

2.8 

34.4 

50 

15.6 

200 

600 

440 

60 

1 

2.3 

2.4 

38 

50 

12 

250 

600 

440 

60 

* 

2.7 

2.6 

30.2 

40.8 

29 

300 

450 

550 

60 

6 

1.6 

1.4 

32.7 

23.8 

43.5 

300 

600 

550 

60 

9 

17 

1.6 

37.7 

44.3 

18 

350 

6C0 

550 

60 

9 

1.9 

2 

36 

43.5 

20.5 

400 

600 

440 

60 

5 

1.6 

1.7 

30.8 

38.4 

30.8 

500 

514 

440 

60 

1 

0.9 

0.8 

31 

38 

31 

600 

300 

550 

60 

9 

1.6 

1.4 

29 

30.8 

40.2 

600 

600 

2200 

60 

2 

1.3 

1.2 

29.2 

35 

35.8 

800 

750 

6600 

25 

* 

1.3 

1.4 

33 

33 

34 

600 

1200 

2200 

60 

2 

0.9 

0.9 

33.4 

40.6 

26.1 

*Less  than  }  per  cent. 


The  Stray  losses  in  the  rotor  of  an  induction  motor  are  a  func- 
tion of  the  rotor  frequency  and  therefore  proportional  to  speed. 
At  standstill,  full  frequency  is  induced  in  the  rotor,  very  greatly 
increasing  the  rotor  iron  loss  and  the  eddy  current  loss  in  the 
conductor.  The  writer  has  taken  advantage  of  this  in  designing 
squirrel-cage  motors,  obtaining  good  starting  characteristics 
and  low  slip  at  full  load  with  a  resultant  efficiency  comparable 
with  that  of  a  wound-rotor  motor.  The  present  Institute  rule 
for  measuring  stray  losses  includes  these  high  losses  at  standstill 
as  a  part  of  the  total  loss  in  the  motor  at  full  load.  The  tests 
show  that  the  slip  at  full  load  corresponds  to  the  Pr  loss  by  resist- 
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ance  measuremtnt  and  that  the  stray  loss  in  the  rotor  at  stand- 
still is  not  present  at  full  load  in  machines  of  small  slip.  The 
calctdated  slip  given  in  the  table  is  based  upon  the  assumption 
that  the  only  loss  in  the  rotor  is  the  copper  /V  loss  determined 
from  the  resistance  measurement.  The  test  slip  measured  at  full 
load  is  the  average  of  a  number  of  readings,  and  checks  the  calcu- 
lated slip  within  the  limit  of  experimental  error.  The  copper 
and  stray  losses  in  the  table  are  taken  from  the  lock  test  and 
expressed  in  per  cent  of  the  total  loss  on  short-circuit.  The 
tests  are  on  wound-rotor  motors,  with  the  exception  of  the  last, 
which  is  on  a  squirrel-cage  machine  with  the  bars  bolted  and  sol- 
dered to  the  end  rings,  removing  all  poor  contacts  between  bars 
and  end  rings. 

Many  of  the  tests  checked  were  incomplete  in  some  respect. 
Only  those  tests  which  were  complete  have  been  included  in  the 
table,  although  the  data  of  all  tests,  in  so  far  as  they  were  con- 
sidered reliable,  were  used  in  arriving  at  conclusions.  Neglect- 
ing any  small  stray  loss  which  may  exist  in  the  magnetic  mate- 
rials of  the  stator,  the  stator  stray  loss  is  proportional  to  the  stator 
copper  loss,  the  percentage  loss  depending  upon  the  degree  of 
lamination  of  the  conductor  and  the  frequency.  The  average 
stray  loss  in  both  25-  and  60-cycle  machines  is  about  six  per  cent 
of  the  stator  copper  loss.  In  rotors  of  small  slip  th'jre  is  no  stray 
loss  shown  within  the  limits  of  experimental  error,  and  in  rotors 
of  large  slip  the  stray  loss  under  full-load  test  is  only  a  fraction 
of  the  rotor  stray  loss  at  standstill.  The  total  rotor  loss  under 
full  load  is  in  every  case  less  than  the  combined  copper  and  stray 
losses  obtained  from  the  short-circuit  test. 

It  therefore  seems  desirable  that  an  average  value  of  stator 
stray  loss  in  per  cent  of  stator  copper  loss  be  adopted  as  a  stand- 
ard. In  squirrel-cage  motors  and  small  wound-rotor  motors, 
where  the  slip  is  usually  greater  than  two  per  cent,  the  total 
rotor  loss  should  be  determined  from  the  slip  reading  when 
operating  at  full  load.  The  rotor  loss  should  be  taken  as  the 
copper  Pr  loss  from  resistance  measurements,  in  large  wound-rotor 
motors  where  the  slip  is  less  than  two  per  cent  and  a  full-load  slip 
reading  is  not  readily  obtained. 


A  paptr  prutuied  ai  tiu  MidwinUr  Cmntn- 
tiom  of  Ik4  American  InstUuU  of  EUctrical 
Eniin4€rt,  New  York,  Ptbruery  27.  1913. 

Copyright.  1913.     By  A.  I.  B.  E. 


LOSSES  IN  TRANSFORMERS 


BY  W.   W.   LEWIS 


The  losses  in  transformers,  as  defined  in  the  Standardization 
Rtdes  of  the  American  Institute  of  Electrical  Engineers,  Sections 
157-159,  are  as  follows: 

167  Molecular  Magnetic  Friction  and  Eddy  Currents  measured 
at  open  secondary  circuit,  rated  frequency,  and  at  rated  voltage 
— /  r,  where  I  =*  rated  current,  r  =*    resistance  of  primary  circuit. 

168  Resistance  Losses,  the  sum  of  the  P  r  losses  in  the  primary  and 
in  the  secondary  windings  of  a  transformer,  or  in  the  two  sections  of 
the  coil  in  a  compensator  or  auto- transformer,  where  /  =  rated 
current  in  the  coil  or  section  of  coil,  and  r  =  resistance. 

169  Load  Losses,  i.e.,  eddy  currents  in  the  iron  and  especially  in  the 
copper  conductors,  caused  by  the  current  at  rated  load.  For  practical 
purposes  they  may  be  determined  by  short-circuiting  the  secondary 
of  tne  transformer  and  impressing  upon  the  primary  a  voltage  suffi- 
cient to  send  rated  load  current  through  the  transformer.  The  loss 
in  the  transformer  under  these  conditions,  measured  by  wattmeter, 
gives  the  load  losses  +  7*  r  losses  in  both  primary  and  secondary 
coils. 

Transformer  losses  more  naturally  group  themselves  into  two 
divisions:  no-load  losses  and  load  losses. 

The  no-load  losses  are  the  losses  that  exist  when  potential  is 
impressed  on  the  primary  of  the  transformer,  with  open  secondary 
circuit,  and  include  the  loss  in  the  iron  and  the  loss  in  the  insula- 
tion; or,  core  and  dielectric  losses. 

The  load  losses  are  the  losses  caused  by  the  load  current,  and 
include  the  loss  due  to  the  resistance  of  the  copper  and  the  loss 
due  to  the  stray  or  leakage  field ;  or,  resistance  and  stray  losses. 

It  is  the  purpose  of  this  paper  to  give  an  idea  of  the  magnitude 
of  the  stray  and  dielectric  losses,  and  to  recommend  certain 
amendments  to  the  above  sections  of  the  Standardization  Rules. 
The  term  "  load  loss  *'  will  be  used  in  the  broad  sense  (including 
resistance  and  stray  loss),  and  the  term  '*  stray  loss  *'  will  be 
used  when  referring  to  the  loss  defined  in  Section  159. 
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TABLE  I 
STRAY  LOSS 


Fre- 
quency 
cycles 


Rat- 
ing 
kv-a. 


Rated  voltage 


High- 
tension 


Low- 
tension 


Imped- 

Stray 

ance 

1*R 

Imped- 

Stray 

loss  in 

volts  in 

watts 

ance 

loss 

per  cent 

per  cent 

watts 

watts 

of /«r 

Stray 

loss  in 
per  cent 
of  rated 

kv-a. 


CORE  TYPE  TRANSFORMERS 


25 


♦25 

25 

* 


♦25 

♦   ■ 

♦26 
25 


25 


25 

25 

■ 

25 
60 


60 


♦60 
60 

m 


100 


145 


150 


165 


185 


200 

■ 


250 


350 

400 

100 

• 

m 
k 


150 


165 
200 


6.600 
11.000 
15.000 
33.000 
22.000 
13.200 

11.000 

12.600 

6.600 

20.000 

6.600 
6.600 

23.500 

22.000 

11.000 

6.600 

11.000 
13.200 


300      11.000 


12.000 
11.000 

11.000 

12.480 
6.600 
10.500 
6.600 
11.000 
13.200 
15.000 

6.600 
5.720 
6.600 

13.200 

6.600 
6.600 
9.350 


2.200 

1.76 

950 

1041 

91 

460 

1.81 

1105 

1140 

35 

375 

1.89 

1165 

1190 

25 

390 

15.0 

1565 

1710 

145 

740 

15.7 

1440 

1496 

56 

370 

17 

1475 

1794 

319 

370 

14.02 

1828 

2284 

456 

460 

2.25 

1865 

1890 

25 

440 

2.27 

2137 

2150 

13 

460 

2.30 

1490 

1605 

115 

430 

17 

1711 

2560 

839 

430 

17.5 

1915 

2445 

530 

480 

15.6 

2300 

2910 

610 

440 

2.13 

2050 

2160 

110 

2.200 

2.25 

1880 

1960 

80 

2.300 

2.44 

1980 

2100 

120 

2.300 

1.46 

2140 

2180 

40 

480 

2.39 

2805 

2870 

65 

2.300 

2.19 

2565 

2663 

98 

2.400 

7.81 

2730 

2950 

220 

430 

11.7 

2575 

3560 

985 

2.200 

2.63 

2460 

2655 

195 

2.300 

1.92 

1093 

1107 

14 

460 

2.58 

1005 

1060 

55 

2.300 

2.59 

797 

822 

25 

2.400 

4.23 

800 

1020 

220 

370 

15.1 

832 

1140 

308 

370 

15.3 

945 

1265 

325 

370 

16.9 

893 

1158 

265 

2,300 

2.6 

1100 

1140 

40 

2.300 

2.83 

1214 

1318 

104 

240 

3.8 

932 

1400 

468 

430 

16.1 

1174 

1880 

706 

2.200 

1.9 

1020 

1160 

140 

2.400 

1.92 

1060 

1118 

58 

2.080 

2.18 

1577 

1705 

128 

9.58 
3.16 
2.14 
9.27 
3.89 
21.60 

25 

1.34 
0.61 
7.71 

49.5 
27.7 

26.5 

5.37 
4.25 
6.06 

1.87 
2.32 

3.82 

8.06 
38.2 

7.94 

1.28 
5.46 
3.14 
27.5 
37  0 
33.9 
29.7 

3.64 
8.57 
50.2 

60.1 

13.72 
5.47 
8.13 


0.091 
0.035 
0.025 
0.145 
0.056 
0.319 

0.314 

0.017 
0.009 
0  077 

0.508 
0.322 

0.330 

0.055 
0.040 
0.060 

0.016 
0.026 

0.033 

0.063 
0.282 

0  049 

0  014 
0.055 
0.025 
0.220 
0.308 
0.325 
0.265 

0.027 
0.069 
0.312 

0.428 

0.070 
0.029 
0.064 
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TABLE  l—CoHtinu€d. 


Pre- 

qoency 

cycles 


00 

■ 


Rated  voltage 


Rat- 
ing 
kv-a. 


I  250 

It 


00 

300 

m 

■ 

♦  • 

* 

• 

a 

60 

350 

• 

■ 

00 

350 

♦  • 

u 

00 

400 

m 

• 

00 


High- 
tension 


500 


6.600 
6.600 
6,3(K) 

6.940 

6,600 

22.000 

6.000 

11.000 
6.600 

10.000 
34.650 

6.800 

22.000 

6.300 

10.000 

6.600 

10.000 


Low- 
tension 


550 
480 
200 

2.300 

2.300 

370 

240 

2.300 
2.300 

440 
430 

2.200 

2.500 

200 

3.450 
2.300 
2.300 


Imped- 

ance 

/«K 

volts  in 

watts 

per  cent 

2.25 

1435 

2  50 

1338 

3.75 

2210 

I  72 

1836 

2.27 

1626 

4.18 

1790 

4.19 

2150 

1.67 

1792 

2.4 

1665 

3  22 

1865 

18  2 

1885 

2.19 

2537 

2.89 

2040 

3.35 

2380 

2.03 

1905 

2.20 

2080 

3.14 

•3216 

Imped- 
ance 
watts 


1700 
1585 
2S03 

1925 
1920 
2400 
2810 

1880 
2050 

2200 
3000 

2740 
2265 
3040 

2330 
27(H) 
3471 


Stray 

loss 

watts 


265 
247 
593 

89 
294 
610 
660 

88 
385 

335 

1115 

2a3 

225 
660 

425 
620 
255 


Stray 

loss  in 

per  cent 

of /«r 


18.48 
18  48 
26.8 

4.85 
18.1 
34.1 
30.5 

4.91 
23.1 

18.0 
59.2 

8  02 
11.02 
27.7 

22  3 
29  8 
7.94 


SHELL  TYPE    TRANSFORMERS 


40 

200 

10.000 

90 

3.76 

2350 

2740 

390 

16.6 

0.195 

25 

250 

6.600 

110 

1.64 

2310 

2400 

90 

3.9 

0.036 

25 

275 

6.940 

199 

2.96 

2905 

3280 

375 

12.9 

0.136 

60 

300 

34.600 

2.300 

3.02 

2270 

2415 

145 

6.4 

0.048 

00 

375 

6.600 

240 

4.30 

2600 

2965 

365 

14.0 

0.098 

60 

400 

44.000 

2.300 

3.53 

2250 

2525 

275 

12.2 

0.069 

60 

500 

2.200 

608 

3.75 

3240 

4060 

820 

25.3 

0.164 

■ 

• 

38.100 

7.500 

2.90 

2960 

3115 

155 

5.25 

0.031 

m 

M 

14.450 

2.500 

3.26 

2570 

3265 

695 

27 

0.139 

• 

« 

14.450 

2.500 

3.29 

2565 

3145 

580  . 

22.6 

0.116 

• 

• 

13.200 

2.550 

3  83 

2240 

2860 

620 

27.7 

0.124 

• 

• 

15.000 

2.300 

2.15 

2800 

3060 

260 

9.3 

0.052 

• 

m 

13.200 

2.530 

1.58 

2090 

2270 

180 

8  63 

0.036 

m 

« 

6.600 

2.300 

2.45 

2860 

3095 

235 

8.22 

0.047 

m 

u 

11.000 

2.300 

3.01 

2525 

3260 

735 

29.1 

0.147 

m 

m 

14.000 

2.440 

3.34 

3055 

3340 

285 

9.35 

0.057 

00 

500 

23.000 

6.600 

2.83 

3570 

4040 

470 

13.2 

0.094 

• 

« 

25.087 

2.500 

4  68 

3420 

3890 

470 

13.7 

0.094 

00 

000 

6.930 

3.300 

2.48 

3740 

3780 

40 

1.07 

0.007 

• 

■ 

33.000 

13.860 

3.36 

2800 

3380 

580 

20.7 

0.097 

Stray 

loss  in 

per  cent 

of  rated 

kv-a. 


0.106 
0.099 
0.237 

0.030 
0.098 
0.203 
0.220 

0.025 
0.110 

0.096 
0.319 

0.051 
0.056 
0.165 

0.085 
0.124 
0.051 
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TABLB  l^Continued. 


Rated  voltage 

Imped- 

Stray 

Stray 

Fre- 

Rat- 

ance 

i^R 

Imped- 

Stray 

loss  in 

loss  in 

quency 

ing 

High- 

Low- 

volts  in 

watts 

ance 

loss 

per  cent 

per  cent 

cycles 

kv-a. 

tension 

tension 

per  cent 

watts 

watts 

o{i*R 

of  rated 
kv-a. 

40 

760 

22,000 

600 

3.86 

4900 

6860 

960 

19.4 

0.127 

60 

760 

10.000 

3.460 

3.18 

3966 

4760 

796 

19.9 

0.106 

• 

m 

4.000 

2.300 

3.23 

3380 

4640 

1260 

37.4 

0.168 

a 

m 

6.600 

2.300 

4.14 

4260 

5570 

1320 

31.1 

0.176 

m 

■ 

36.475 

2.035 

4.23 

3100 

3866 

766 

24.3 

0.101 

m 

« 

60.000 

480 

4  88 

4326 

6025 

700 

16.2 

0.093 

60 

900 

23.000 

2.300 

3.51 

6140 

6170 

1030 

20.0 

0  113 

25 

1000 

60.000 

11.000 

4.16 

8460 

9040 

680 

6.86 

0.058 

60 

1000 

22.000 

2.300 

2.13 

5600 

6980 

480 

8.74 

0.048 

• 

• 

21.000 

2.600 

2.90 

6786 

6666 

780 

13.6 

0  078 

m 

m 

110.000 

22.000 

5.00 

7070 

7300 

230 

3.25 

0.023 

m 

u 

110.000 

22.000 

6.00 

7166 

7330 

166 

2.58 

0.017 

60 

1600 

33.000 

2.300 

4.41 

6570 

8200 

1630 

24.8 

0.109 

*  Transformers  equipped  with  internal  magnetic  shunts. 

Note. — Each  item  above  represents  an  average  of  from  one  to  six  transformers. 


I.  Stray  Loss 

Magnitude  of  Stray  Loss.  Table  I  shows  the  value  of  the  stray 
loss,  in  a  number  of  commercial  transformers  selected  at  random. 
It  will  be  seen  that  there  is  apparently  no  definite  relation  be- 
tween impedance  voltage  and  stray  loss,  or  rated  voltage  and  stray 
loss,  although  in  general  the  loss  increases  with  increase  in  im- 
pedance voltage,  and  also  for  a  given  size  transformer,  increases 
as  the  low-tension  voltage  decreases. 

Table  II  gives  the  results  of  some  impedance  tests  on  an  experi- 
mental core  type  transfonner,  rated  60  cycles,  165  kv-a.,  11,000 
volts  high-tension  and  430  volts  low-tension.  This  transformer 
has  four  high-tension  coils  of  308  turns  each  (two  coils  per  leg)  and 
two  low-tension  coils  of  24  turns  each  (one  coil  per  leg) .  The  high- 
tension  conductor  is  0.215  by  0.055  in.  (5.46  by  1.4  mm.) 
copper,  edge- wound;  the  low- tension  conductor  consists  of  ten 
strips  of  0.5  by  0.095  in.  (12.7  by  2.4  mm.)  copper,  arranged  five 
wide  and  two  high. 

The  first  set  of  readings  was  taken  under  normal  conditions 
at  60  cycles.  Then  some  bundles  of  laminated  steel  (20  bundles 
per  leg,  each  containing  18  sheets)  were  placed  horizontally  be- 
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tween  high-tension  and  low-tension  coils,  to  form  a  magnetic 
shunt,  and  the  remaining  three  sets  of  readings  were  taken  at 
25,  40  and  60  cycles.  The  introduction  of  the  shunt  has  the 
tendency  to  exaggerate  the  losses  and  therefore  to  give  better 
readings.  The  results  are  plotted  in  the  curves  of  Fig.  1. 
This  transformer  requires  4  per  cent  of  the  normal  voltage 


TABLE  II 

IMPBDANCB  TBSTS— VARIATION  WITH  CURRENT  AND  FREQUENCY. 
TRANSFORMER  60  CYCLES,  165  KV-A„  11.000  VOLTS  TO  430  VOLTS 

Low-tension  (inner)  winding  short-circuited.   (See  Pig.  1.) 


Fre- 

Imped- 

Percent 

Per  cent 

Imped- 

Stray 

quency 

ance 

normal 

Amperes 

normal 

ance 

1*R 

loss  in 

Remarks 

cycles 

volts 

volts 

amperes 

watts 

watts 

per  cent 

60 

209 

1.9 

7.51 

50.1 

317 

294 

7.83 

• 

312 

2.84 

11.20 

74.6 

705 

662.5 

6.42 

• 

423 

3.85 

14.9 

99.4 

1270 

1177 

7.8 

• 

529 

4.81 

18.8 

125.2 

2050 

1839 

11.48 

• 

633 

5.76 

22.5 

150 

2915 

2648 

10.08 

25 

254 

2.31 

3.75 

25 

82 

73.5 

11.55 

With 

• 

526 

4.79 

7.55 

50.4 

387 

294 

31.6 

magnetic 

■ 

730 

6.64 

11.25 

75 

839 

662.5 

11.54 

shunts 

a 

876 

7.97 

15.1 

100.8 

1500 

1177 

28.3 

■ 

985 

8.95 

18.85 

125.8 

2190 

1839 

19.1 

■ 

1076 

9.78 

22  6 

150.8 

3040 

2648 

14.8 

40 

427 

3.88 

3.75 

25 

109 

73.5 

48.3 

With 

■ 

835 

7.6 

7.55 

50.4 

459 

294 

56.1 

magnetic 

* 

1167 

10.6 

11.25 

75 

945 

662.5 

42.7 

shunts 

■ 

1393 

12.68 

15.1 

100.8 

1680 

1177 

42.8 

■ 

1570 

14.28 

18.85 

125.8 

2505 

1839 

36.3 

• 
• 

1713 

15.6 

22.6 

150.8 

3405 

1 

2648 

28.6 

60 

580 

5  28 

3.75 

25 

1 

1 

1 

73 . 5 

1   ■ 

With 

• 

1256 

11.4 

7  65     : 

50  4 

561 

294 

90.8 

magnetic 

m 

1750 

15  9 

11.25     1 

75 

IW.i 

662  5 

72  5 

shunts 

m 

2090 

19  0 

15.1        i 

I(X)  R 

18K0     j 

1177 

59.8 

m 

2330 

21.2 

18.H5 

IL'5  8 

2650     ; 

I8:jy 

44   1 

■ 

a 

2570 

23. 3K 

22.6 

150  8 

3725     ! 

1 

2648       ! 

40  6 

1 

at  60  cycles  to  force  full-load  current  through  the  windings,  and 
its  impedance  losses  arc  8  per  cent  in  excess  of  the  calculated 
P  r  loss.  Equipped  with  magnetic  shunt,  the  transfonner  re- 
quires 19  per  cent  of  the  normal  voltage  at  60  cycles  to  force 
full-load  current  through  the  windings.  Its  impedance  losses 
are  60  per  cent  in  excess  of  the  calculated  P  r  loss, 


444 


LEWIS:     TRANSFORMER  LOSSES 


[Feb.  27 


In  this  test,  the  high-tension  (outer  coils)  were  excited  and 
the  low-tension  (inner  coils)  short-circuited.  Considerable 
difference  results  if  the  low-tension  is  excited  and  the  high-ten- 
sion short-circuited.    See  Table  III.     This  is  due  to  the  dif- 


-- 

; 

M 

A 

'<A 

..„  -J 

F 

>>\ 

?>! 

f" 

1«- 

■ 

^ 

MM 

1 

^ 

^^ 

. 

-4^ 

P 

^ 

J-,; 

1 

ran  CENT  NORMAL  CURRENT 

Tests,  165-kv-a.  Transforuer 


ferent  distribution  of  the  flux  in  the  two  cases,  and  the  stray 
loss  is  reduced  to  50  per  cent  of  the  /'  r  loss. 

Tests  were  made  on  an  experimental  transformer  rated  60 
cycles,  8  kv-a.,  800  volts  primary  and  800  volts  secondary. 
Each  winding  was  composed  of  two  coils,  one  on  each  leg,  of 


*30  VOLTS 


HiEh-te 

n*ion  (ou 

er)  windi 

g  ■hort.c 

rcuilcd 

Pk- 

Imped- 

P««t,t 

P««it 

stray 

lyclti 

..,.. 

volli 

mpfrn 

■-™"' 

PR 

louin 
per  cent 
of/'R 

ReniBrlEt 

60 

47  R 

11    1" 

1B3 

M 

MO 

an4 

66.6 

With 

66  (1 

is.ris 

ZSB 

1080 

mi.h 

%% 

TfiS 

1S.fi 

3K6 

1O0  S 

1770 

1177 

«fi  0 

Sll  5 

». 

474 

123.5 

Z4S0 

IRTO 

33  8 

160  turns  of  0.05  by  0.2  in.  (1.27  by  5.08  mm.)  copper  con- 
ductor. The  outside  coils  were  excited  and  the  inner  coils  short- 
circuited.  The  tests  recorded  in  Table  IV  and  plotted  in  Fig. 
2  were  made,  first,  with  no  core;  second,  with  bundles  of  steel 
placed   vertically  liotwotMi   tlie   primary  ami  secondary   (two 


1913] 


LEWIS:     TRANSFORMER  LOSSES 


445 


bundles  of  12  sheets  each  per  leg);  third,  with  the  laminated 
steel  core  in  place  and  no  shunts;  fourth,  with  steel  core,  and 
magnetic  shunts  in  place  between  primary  and  secondary. 
From  these  readings,  we  can  separate  in  a  measure  the  loss  in 
the  copper  and  the  core,  but  only  approximately,  as  the  flux 
distribution  is  not  the  same  in  any  two  cases. 

When  a  transformer  is  loaded  by  the  impedance  method, 
the  secondary  ampere-turns  are  not  equal  and  opposite  to  the 
primary  ampere-tums,  which  is  the  condition  necessary  to 


TABLE  IV 

IMPEDANCE    TESTS— VARIATION    WITH   FREQUENCY — TRANSFORMER 
60  CYCLES.  8  KV-A..  800  VOLTS  PRIMARY.  800  VOLTS  SECONDARY 

Inside  coils  short-circuited.    (See  Pig.  2) 


Pre- 

Imped- 

Per cent 

Amperes 

Imped- 

Stray 

quency 

ance 

normal 

Amperes 

second- 

ance 

t^R 

loss  in 

Remarks 

cycles 

YOltS 

volts 

primary 

ary 

watts 

watts 

percent 
of /*/? 

30 

11.25 

1.41 

10 

7.2 

79 

78.8 

0.26 

Air  core 

40 

13.10 

1.64 

10 

7.8 

83 

82.4 

0.73 

50 

16.10 

1.89 

10 

8.25 

87 

86.2 

2.11 

00 

16.90 

2.11 

10 

8.47 

90 

86.7 

3.81 

30 

50 

6.25 

10 

3.63 

72.2 

63.6 

13.5 

Air  core 

40 

67 

8.37 

10 

3.96 

79 

64.6 

22.3 

magnetic 

50 

84 

10.5 

10 

4.18 

85.1 

65.3 

30.3 

shunts 

00 

98.5 

12.3 

10 

4.27 

91.2 

65.6 

39.0 

30 

12.96 

1  62 

10 

9.92 

98.5 

97.1 

1.44 

Iron  core 

40 

13.90 

1.74 

10 

9.92 

99.5 

97.1 

2.47 

50 

16.90 

1.99 

10 

9.92 

100.8 

97.1 

3.81 

60 

17.80 

2.22 

10 

9.92 

102.2 

97.1 

5.26 

• 

• 

30 

64 

8.0 

10 

9.85 

109.4 

96.6 

13.25 

Iron  core 

40 

86 

10  75 

10 

9  85 

114.3 

96  6 

18.5 

magnetic 

50 

107 

l.T  4 

10 

9  85 

121.3 

96.6 

25  6 

shunts 

60 

129 

16   1 

10 

9 .  K5 

127.5 

96  6 

32.0 

have  no  Icakaj^e  flux.  (Sec  third  test,  Tabic  IV.)  This  intro- 
duces an  error  in  the  loss,  which,  however,  is  very  sHght  for 
transformers  of  ordinary  reactance. 

Relation  between  Impedance  Watts  and  Load  Losses,  To 
show  the  relation  between  the  impedance  watts  and  the  actual 
load  losses,  that  is,  losses  caused  by  rated  current  under  opera- 
ting conditions,  a  series  of  tests  is  recorded.  The  60-cycle, 
165-kv-a.,  11,000  volts  high-tension  and  430  volts  low-tension 
transformer,   previously   described,    with    the   steel    magnetic 
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shunt  in  place  between  high-tension  and  low-tension  windings, 
was  used.  A  so-called  "  bucking  "  heat  run  was  made,  i.e., 
with  the  165-kv-a.  transformer  and  a  365-kv-a.  transformer 
of  the  same  voltage  rating,  the  high-tension  windings  being 
connected  in  series,  bucking,  and  supplied  with  sufficient  volt- 
age to  force  fuU-load  current  through  the 
winding  of  the  165-kv-a.  transformer,  and 
the  low-tension  windings  being  connected 
in  multiple  and  excited  at  normal  volts. 
This  is  the  regular  manner  of  performing 
heat  runs  on  transformers,  and  its  effect 
is  to  supply  core  loss  and  impedance  watts 
to   the   transformer.     Another    run    was 

Pic.  2 Impedance  niade  with  the  experimental  transformer 

Test,  S-kv-a.  Trans-  loadcdona  water  box,  with  normal  voltage 
FORMES  supplied  to  the  high-tension  and   normal 

amperes  delivered  on  the  low -tension. 
The  results  are  given  in  Table  V,  together  with  a  set  of  check 
readings. 

TABLE  V 

HEAT  RUNS 

TRANSFORMER  60  CYCLES.  163  KV-A..  11.000  VOLTS   TO  430 


Frt- 
queney 
cyclw 

Kind 
iMd 

..... 

voUb 

Lo»d 

lure 

Risr 

Rise 
top  of 

RiH 

of  tank 

RiK 

primaiy 

RiH 

StCODd- 

M7 

60 

ChK 

60 

BuckinK 
Bucking 

430 
11,000 

430 
11,000 

MS 
ir, 

^; 

39 
.■*6 

36 

17 

37 
37.. ■> 

44 
44  5 

The  experimental  transformer  was  then  placed  in  a  tank 
containing  cooling  coils  and  oj>erated  as  a  water-cooled  trans- 
former on  both  bucking  and  dead  {water  box)  load  Three  runs 
were  made;  first,  with  125  per  cent  normal  amperes  and  1.3 
gal.  of  water  per  min.;seront1,  with  12,i  [wr  cent  normal  amperes 
and  0,60  gal.  of  water  [Kir  min. ;  third,  with  ISO  ].>er  ct-nt  normal 
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amperes  and  0.5  gal.  water  per  min.  The  results  are  given  in 
Table  VI. 

We  may  conclude  from  the  results  of  Tables  V  and  VI  that 
the  bucking  method  of  heat  run  (supplying  core  loss  and  im- 
pedance watts)  gives  substantially  the  same  losses  as  supplied 
under  normal  load  conditions  (as  approximated  by  the  water- 
box  run). 

To  further  check  this  point,  tests  are  recorded  of  a  small 
transformer  rated  60  cycles,  110  volts  primary,  50  amperes 
secondary.  This  was  built  on  a  two-legged  core,  with  one  coil 
on  each  leg.  The  coils  consisted  of  115  turns  of  0.24  by  0.12 
in.  (6.1  by  3.05  mm.)  copper,  and  48  turns  of  0.048  by  0.13  in. 

TABLE  VI 

HEAT  RUNS 
TRANSFORMER  60  CYCLES.  165  KV-A..  11.000  VOLTS  TO  430  VOLTS 

Water-cooled 


Room 

2  « 

Fre- 

Kind 

Excit- 

Load 

Gal. 

tem- 

H ^ 

Rise 

Rise 

Rise 

quency 

of 

ing 

amperes 

water 

pera- 

t'S 

water 

oil 

tank 

cycles 

load 

volts 

per 
min. 

ture 

Tem 
ingo 

60 

Bucldng 

.430 

18.8 

1.3 

23 

9.3 

11.5 

21 

17 

60 

Dead 

10.840 

483 

1.3 

26 

10 

12.0 

22 

18.5 

60 

Bucking 

430 

18.8 

0.66 

26 

9.9 

19 

26 

21.5 

60 

Dead 

11.330 

475 

0.66 

25 

8.5 

21 

28 

23.0 

60 

Bucking 

430 

22.5 

0.50 

25.5 

9.2 

32 

37 

31 

60 

Dead 

10.700 

670 

0  50 

27.0 

8  1 

32 

38 

31 

All  rises  in  deg.  cent,  above  temperature  of  ingoing  water. 


(1.22  by  3.3  mm.)  copper,  respectively.  The  115-tum  coil 
was  used  as  primary  and  the  other  coil  as  secondary.  This 
gives  a  transformer  with  very  high  reactance  and  accentuates 
the  difference  between  the  impedance  watts  and  the  /*  R  watts. 
Table  VII  shows  the  losses  as  measured  by  core  loss  and  im- 
pedance tests  and  also  as  measured  by  the  input-output  method. 
The  P  R  loss  +  core  loss  in  this  case  is  97  watts,  but  the  im- 
pedance loss  +  core  loss  is  398  watts,  which  figure  is  closely 
checked  by  the  input-output  test. 

Finally,  the  tests  made  on  an  induction  regulator  are  given. 
The  movable  core  contained  a  primary  (shunt)  winding  and  a 
Aort-circuited  winding  arranged  at  right  angles  to  the  shunt 
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winding.  The  secondary  (series)  winding  was  on  the  stationary 
core.  The  short-circuited  winding  consisted  of  copper  bars  of 
large  cross-section,  thereby  naturally  giving  considerable  eddy 
current  losses. 

Tests  were  made  with  the  rotor  in  two  different  positions, 
j&rst  the  position  of  maximum  boost,  which  is  obtained  when 
the  rotor  is  at  one  of  the  limit  positions,  second  at  the  position 
of  maximum  impedance  volts,  which  was  found  by  trial.  Table 
VIII  gives  the  readings  of  core  loss  and  impedance  loss,  cal- 
culated P  R  loss,  loss  by  the  input-output  method  and  results 
of  heat  runs  in  the  two  i^ositions.     The  heat  runs  were  made 


TABLE  VII 

COMPARISON   OF  LOSSES  BY  INPUT-OUTPUT  AND  IMPEDANCE  METHODS 
SMALL  HIGH-REACTANCE  TRANSFORMER,  RATED  60  CYCLES.  110  VOLTS 

PRIMARY.  50  AMPERES  SECONDARY 


Core  loss 

Impedance 

Total  loss 

Volts 

Amperes 

Watts 

Volts 

Amperes 

Watts 

110 

21 

Input 

48 

60 

21 
Output 

350 

398 

387 
376 

Volts 

Amperus 

Watts 

Volts 

Amperes 

50 
50 

Walts 

110 
Check  110 

21.8 

2017 
2020' 

37.25 

• 

1630 
1644 

Average 

382 

I*R  loss     -  49.1  watts 
Core  loss  -  48 


Total 


97.1 


with  the  regulator  operating  as  a  transformer,  the  shunt  winding 
being  excited  and  the  series  winding  loaded  on  a  water  box. 

The  difference  in  heating  with  the  two  connections  is  prac- 
tically proportional  to  the  difference  in  total  loss. 

We  may  conclude  from  the  tests  recorded  that  the  total 
losses  present  when  the  transformer  is  under  load  are  found  by  the 
addition  of  the  no-load  losses  at  normal  volts  to  the  impedance 
loss  at  normal  current,  the  difference  between  the  impedance 
losses  and  the  P  R  loss  representing  the  stray  loss. 

With  transformers  of  ordinary  reactance,  the  power  factor 
of  the  impedance  reading  is  SMffvcictvtV^  Vii^Vv  (20  to  60  per  cent) 
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to  leave  no  question  of  the  accuracy  of  the  wattmeter  reading. 
In  the  high-reactance  transformers,  the  power  factor  in  some 
cases  is  under  10  per  cent,  and  here  the  wattmeter  readings  may 
be  somewhat  inaccurate. 

The  loss  due  to  eddy  current  in  the  copper  is  given  by  a 
formula  of  the  form 

Eddy  current  loss  =  (frequency)'  X  (density  of  leakage  flux)' 
X  (width  of  conductor)'  X  a  constant. 
That  is,  the  eddy  current  loss  is  proportional  to  the  square  of 


TABLE  VIII 

LOSSES  AND  HEAT  RUNS 
INDUCTION   REGULATOR,  65  KV-A.,  2200  VOLTS  PRIMARY.  125  AMPERES 
SECONDARY.  OPERATED  AS  A  TRANSFORMER 


Losses 

Maximum  boost 
position 

Maximum  impedance 
position 

Core  loss 

877 
705 

1582 

302 

393 

0 

877 

1572 

1550 

34 
30 
30 
22 
14 

877 
1000 

1937 

110 
393 
160 
877 

1540 

2000 

39 
30 
35 
29 
18 

Imoedance  loss 

Primary  /* IS  at  25  deg.  cent. . . 
Secondary        '25      "       •    . . . 

Short-circuit  winding  I*R 

Core  loss 

Total  loss,  input-output 
method 

Heat  run 

Rise  primary  above  25  deg.  cent . 
"     secondary    •       •     *       • 

•  top  oil          .       -     -       - 

•  tank  top      •       •     -       • 

•  tank  bottom       •     •       • 

the  frequency,  the  square  of  the  maximum  density  of  the  leak- 
aj^e  flux,  and  the  square  of  the  width  of  conductor  at  right  angles 
to  the  leakage  field.  There  is  also  an  eddy  current  and  hysteresis 
loss  in  the  steel  of  the  core  cut  by  the  flux  in  the  impedance 
test,  which  is  small  and  is  not  present  as  a  separate  loss  when 
the  transformer  is  under  load. 

The  eddy  current  loss  in  the  copper  can  be  diminished  by 
reducing  the  reactance,  by  reducing  the  width  of  copper  at  right 
angles  to  the  flux,  or  by  twisting  the  copper.  These  losses, 
however,  are  bound  to  exist  to  a  certain  extent  even  in  thebest- 
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designed  transformers,  and  they  are  unavoidable  in  transformers 
that  are  purposely  designed  with  high  reactance.  Their  value 
(plus  the  other  stray  losses)  may  be  found,  as  shown  above, 
by  subtracting,  from  the  value  of  the  short-circuit  watts,  the 
/*r  watts  at  the  proper  temperature. 

II.   Dielectric     Losses 

In  ordinary  power  transformers  the  dielectric  losses  are 
usually  negligible,  but  in  high-voltage  testing  transformers 
they  may  form  a  large  part  of  the  total  no-load  losses.  For  a 
given  dielectric  at  a  constant  temperature,  an  equation  of  this 
form  gives  the  losses: 

Dielectric  loss    =    frequency    X  electrostatic  capacity 

X    (voltage)'    X   a  constant, 


TABLE  IX 

DIELECTRIC  LOSSES 
TRANSFORMER   3750   KV-A..    120.000  VOLTS   HIGH-TENSION.    12.000   VOLTS 

LOW-TENSION 


High-tension  in  series 

High-tension  disconnected 

Dielectric 
loss  watts 

• 

Kilovolts 

high- 

ension 

by  ratio 

Amperes 

low- 
tension 

Watts 
loss 

Kilovolts 

high- 
tension 
by  ratio 

Ansperes 

low- 
tension 

Watts 

loss 

60 

90 

120 

132 

2.40 
6.75 
23.4 
43.0 

9100 
18450 
30400 
42200 

60 

90 

120 

132 

2.3 

6.6 

24.0 

41.3 

8060 
17850 
29050 
38100 

440 

600 

1350 

4100 

High-tension  winding  disconnected  in  middle. 

(See  Fig,  3.) 


Oil  temperature  30  deg.  cent. 


the  constant  depending  upon  the  properties  of  the  dielectric. 
f  In  addition  to  the  above  there  is  also  a  small  loss  due  to  current 
leaking  through  the  resistance  of  the  insulation. 

Table  IX  and  Fig.  3  show  the  results  of  a  test  made  on  a 
shell-type  transformer  rated  60  cycles,  3750  kv-a.,  12,000  volts 
low-tension,  120,000  volts  high-tension.  Losses  were  measured 
on  the  low-tension  side,  first  with  all  the  high-tension  coils  in 
series,  and  second,  with  the  high-tension  winding  open  at  the 
middle.  The  difference  between  the  readings  represents  the 
greater  part  of  the  dielectric  loss.  If  the  windings  cotdd  be 
further  subdivided,  a  still  further  reduction  in  the  loss  would 
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result.  It  will  be  seen  that  only  above  the  operating  voltage 
does  the  loss  in  the  dielectric  become  appreciable. 

Some  tests  were  made  on  a  testing  transformer  rated  60  cycles 
100  kv-a.,  500/1000/2000  volts  low-tension,  200,000  volts  high- 
tension.  This  transformer  is  of  the  type  described  by  Mr.  A. 
B.  Hendricks,  Jr.,  in  his  paper  on  High-Tension  Testing  of 
Insulating  Materials  (Transactions.  A.  I.  E.  E.,  1911,  XXX,  I, 
p.  167).  A  voltmeter  coil  of  40  turns  is  placed  at  the  middle 
of  the  high-tension  winding,  and  one  end  of  this  coil  is  connected 
to  the  neutral  of  the  high-tension  winding  and  to  the  ground. 
The  coil  is  provided  with  taps  at  the  10th  and  20th  turns. 
The  voltage  across  the  whole  coil  is  400  volts  when  the  trans- 
former is  normally  excited. 

An    ammeter    and    wattmeter    placed    in    the  high-tension 


circuit  next  to  the  ground  enabled  a  measurement  of  the  high- 
tension  losses  to  be  taken,  at  least  such  of  them  as  are  caused 
by  the  current  measured  in  the  high-tension  winding.  A  0.2- 
ampere,  30-volt  wattmeter,  with  the  potential  coil  in  series 
with  a  multiplier  and  placed  across  the  lO-turn  voltmeter  coil, 
was  used.  The  readings  obtained  were  small,  and  the  total 
multiplying  factor  high,  so  that  great  accuracy  cannot  be 
claimed  for  the  results.  This  method  of  measuring  takes  no 
account  of  the  loss  in  the  insulation  between  turns,  but  only 
that  between  high-tension  and  ground.  Table  X  shows  the 
losses  at  oil  temperatures  of  23  dcg.  cent,  and  56  deg.  cent., 
respectively.  The  difference  between  the  total  losses  and  the 
loss  measured  on  the  high-tension  side  decreases  with  increase 
ip  temperature,  mu^  more  rapidly  than  we  should  expect 
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from  a.  decrease  in  core  loss  alone  (core  loss  decreasing  about 
out  per  cent  for  each  10  deg.  increase  in  temperature). 

Table  XI  shows  another  set  of  readings  taken  at  various  air 
temperatures  from  — 10  to  22  deg.  cent.  The  results  of  Table  X 


KilOVDltl 

Total  loH 

hUth-Wiuion 

lo*-l.i»ion 

»»IW 

lOM  ■«". 

top  oil 

100 

0.87 

S83 

133 

160 

l.» 

13V4 

9M 

200 

1. 80 

33Ga 

643 

100 

1.13 

MO 

MO 

6«  des.  cent. 

1.68 

eow 

1174 

300 

2.2» 

3620 

2128 

low-tcniion,  200,000  volti  high-ttnii 


and  the  readings  at  the  lowest  temperature  of  Table  XI  are 
plotted    in  Fig.  4. 

Table  XII  gives  the  results  of  readings  on  the  low-tension 
and  high-tension  at  frequencies  varying  from  47  to  115  cycles 


KIL0VOLT8 

Fig.   4— No-Load    Losses,    100-kv-a.,    200-kv.     Tbansformeb 

Sa  Table  X. 


per  sec.  These  results  arc  plotted  in  Fig.  h.  The  high-tension 
losses  increase  somewhat  with  the  frequency,  but  not  directly. 
On  account  of  the  preponderance  of  the  core  loss,  the  total 
losses  decrease  with  increase  in  frequency,  and  consequent 
decrease  in  flux  density  in  the  iron,. 
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TABLE  XI 

NO-LOAD  LOSSES— EFFECT  OP  TEMPERATURE 
TRANSFORMER  100  KV-A.,  500/1000/2000  VOLTS  TO  200.000  VOLTS 


Kilovults 

• 

high- 

Amperes 

WatU 

KUovolts 

Amperes 

Watts 

Temperature 

tension 

low- 

low- 

high- 

high- 

high- 

air 

by  ratio 

tcnsion 

tension 

tension 

tension 

tension 

deg.  cent 

SO 

120 

80.5 

0.0051 

10 

—10 

101 

550 

105.6 

0.0068 

20 

120 

650 

120 

0.008 

40 

140 

900 

140.5 

0.0093 

60 

160 

1150 

159 

0.0106 

90 

180.4 

1550 

181 

0.0124 

120 

200.6 

1900 

201 

0.0134 

140 

221 
238 

2300 
2650 

221 
237 

0.0156 
0.0178 

220 

129.6 

850 

129 

0.0087 

80 

—2 

142.6 

950 

142 

0.0095 

90 

162.2 

1300 

162 

0.0109 

120 

185.4 

1650 

186 

0.0131 

150 

203 

1900 

203 

0.0145 

200 

226 

2450 

224.6 

0.0165 

250 

110 

550 

111.5 

0.0077 

50 

0 

154.4 

1100 

153 

0.0105 

110 

200 

1850 

200 

0.0143 

180 

50 

100 

50 

— 

5 

3 

64 

240 

65.5 

— 

15 

76 

260 

75.6 

0.0052 

20 

114 

600 

113 

0.008 

80 

135 

850 

134 

0.009 

100 

177.4 

1450 

187 

0.0123 

160 

192.6 

1760 

193 

0.0136 

200 

210.8 

2200 

210 

0.0154 

240 

233.2 

2600 

231 

0.0168 

280 

80 

1.14 

400 

80 

0.005 

55 

13 

100 

1.37 

620 

100.5 

0.007 

100 

120 

1.63 

820 

121.5 

0.008 

150 

143.6 

1.87 

1180 

143.5 

0.010 

210 

162.4 

2.05 

1450 

161.0 

0.011 

280 

181.0 

2.29 

1800 

181.0 

0.013 

350 

203 

2.69 

2200 

202.2 

0.015 

440 

219 

3.25 

2640 

217.0 

0.016 

540 

235 

4.20 

3050 

234.0 

0.017 

660 

158.8 

2.10 

1500 

158.4 

0.0117 

360 

19 

181 

2.36 

1900 

180.0 

0.0137 

4S0 

li02.8 

2.78 

2340 

201.2 

0.0152 

600 

80 

1.18 

470 

80 

0.0057 

80 

22 

90.2 

1.28 

570 

91 

0.0065 

97 

100.2 

1.42 

670 

100.6 

0.0071 

110 

120.4 

1.65 

925 

119.3 

0.0084 

190 

142.4 

1250 

141.0 

0.01 

270 

160.0 

2.15 

1550 

159.0 

0.0117 

370 

180.0 

2.40 

1900 

179.6 

0.0135 

460 

, 

202.2 

2.70 

2550 

1 

201.2 

0.0155 

600 

\ 

Coaa0cted  JOOOroltMioW'tennon.  200,000  volta high-tension.  All  meaaurementtatQOcya«». 

(See  Pig,  4) 
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TABLE  XII 

NO-LOAD  LOSSES— EFFECT  OF  FREQUENCY 
TRANSFORMER  60  CYCLES,  100  KV-A.,  500/1000/2000  VOLTS   LOW-TENSION. 

200.000  VOLTS  HIGH-TENSION 


Frequency 

High- 

Low- 

Low- 

High- 

High- 

High- 

Air 

cycles 

tension 

tension 

tension 

tension 

tension 

tension 

temperature 

per 

kilovolts 

amperes 

watts 

kilovolts 

amperes 

watts 

dcg.  cent. 

per  see. 

by  ratio 

47 

120 

1.72 

930 

120 

0.0065 

100 

12 

140.4 

2.11 

1200 

139 

0.0078 

180 

162.2 

3.00 

1600 

162 

0.0088 

220 

182.8 

4.69 

2050 

184 

0.0101 

300 

201 

201 

0.011 

350 

211 

210 

0.012 

400 

57 

122.2 

1.56 

880 

121 

0.0065 

100 

12 

141.2 

1.78 

1150 

140 

0.0091 

150 

162.4 

2.00 

1430 

161.6 

0.0107 

240 

181.8 

2.33 

1800 

182.0 

0.0126 

300 

203 

3.00 

2200 

203.2 

0.0141 

350 

215 

3.71 

2500 

213.6 

0.0151 

440 

70 

120 

1.61 

770 

119 

0.0095 

120 

12 

142.4 

1.91 

1100 

141.4 

0.0118 

200 

158.4 

2.12 

1340 

160 

0.0135 

250 

180.6 

2.32 

1650 

180.6 

0.0155 

300 

203 

2.95 

2010 

203.6 

0.0175 

400 

221 

2.68 

2400 

221.6 

0.0188 

500 

80 

122 

1.81 

770 

121.6 

0.0113 

150 

12 

140.4 

2.10 

990 

140.6 

0.135 

200 

160.2 

2.41 

1290 

159.6 

0.0159 

250 

179.4 

2.64 

1550 

179.0 

0.0175 

300 

201 

2.96 

1900 

201.0 

0.0193 

440 

225 

3.26 

2350 

223.2 

0.0219 

550 

00 

122.2 

700 

121 

0.13 

140 

14 

139.2 

850 

139 

0.015 

200 

162.6 

1100 

162.4 

0.018 

300 

180.6 

1400 

180.6 

0.020 

400 

201.0 

1750 

202 

0.022 

560 

221 

2200 

221.2 

0.025 

650 

115 

121 

700 

121.6 

0.017 

140 

14 

1415.4 

850 

142.6 

0.0195 

250 

160  4 

1100 

160.0 

0.0221 

300 

180.6 

1450 

181.0 

0.0248 

400 

201.0 

1650 

201 

0.0277 

550 

223.2 

2200 

223 . 2 

0.312 

700 

Connected  for  1000  volts  low-tension.  200.000  volts  high-tension  (See  Fig.  5). 
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In  Table  XIII  are  given  the  results  of  an  Hi-hour  heat  run 
at  normal  voltage,  open  circuit.  During  this  time  the  tempera- 
ture at  the  top  of  the  oil  rose  35  deg.  cent,  above  its  initial 


kilovolts 

Fig.  5— No-Load  Losses,   100-kv-a.,  200-kv.  Tsaksformer 
Sm  Table  XII. 

temperature,  the  total  losses  increased  62  per  cent  and  the  high- 
tension  losses  increased  263  per  cent.  losses  are  plotted  against 
e  of  temperature  and  increase  of  high-tension  loss  against 


TRANSPORMBR  60  CYCLES,  100  KV-A.,  600/1000/2000  VOLTS  TO  200,0( 


Houii 

D,a.  cent. 

Total 

Low-teniion 

High-irmion 

Hiah-t=n.ion 

InctesM  In 

heat 

oil 

loB 

taptca 

lou 

ampcKB 

high-tcnaiun 
lou 

Q 

0 

2234 

1,74 

587 

0.02 

^J 

2268 

1  75 

587 

CI 

02 

0 

10,8 

2*24 

734 

02 

147 

2S0S 

880 

293 

6 

20.2 

2774 

1-88 

1174 

II 

02 

587 

7 

23 

2920 

l.fi2 

1321 

(I 

734 

U 

2S.5 

3184 

1814 

(1 

025 

1027 

10 

31 

3326 

2.1 

1761 

II 

025 

1174 

1468 

11.5 

35 

3820 

2,22 

2128 

0 

025 

IMl 

iiiun.  200.000  volts  high-tt 


increase  of  temperature,  in  Fig.  6.  It  will  be  seen  from  this  'CaaX 
the  loss  goes  up  about  as  the  squara  of  the  deg.  cent,  increase  m 
temperatare.  ' 
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A  scries  of  tests  was  conducted  on  a  testing  transformer, 
No.  6302G3,  rated  60  cycles,  500  kv-a. ,  1 100/2200  volts  low-ten- 
sion, 750,000  volts  high-tension.  To  eliminate  the  effect  of 
variations  in  temperature,  the  oil  was  kept  circulating  and 
maintained  at  a  constant  temperature  of  70  deg.  cent.  A  500- 
kw.,  60-cyclc  generator  was  used,  the  connections  being  changed 
at  various  points  on  each  curve,  in  order  to  operate  the  machine 
at  nearly  normal  density  and  prevent  distortion  of  the  wave 
shape.  When  the  connections  were  changed  and  readings 
repeated,  an  average  of  the  two  readings  was  plotted. 

Phase  meter  and  oscillograph  tests  showed  the  current  to 


RISE,  OIL-DEG.  CENT. 

-No-LoAi)  Losses,  100-kv-a.,  200-kv,  Transfoi 

See  Tabic  XIII. 


be  leading  at  all  voltages,  except  the'  very  low  ones  (under 
100  kv.)  where  the  power  factor  approaches  unity. 

Losses  were  measured  on  the  low-tcnsioii  side  only.    The  fol- 
lowing curves  were  taken: 

1.  Without  leads 

a.  Middle  of  high-tension  winding  grounded. 

b.  High-tension  not  grounded. 

c.  One  end  of  high-tension  grounded. 

2.  With  leads. 

a.  Middle  of  high-tension  grounded. 

b.  High-tension  not  grounded. 

c.  One  end  of  hii;V\-teT\s.\on  ^TOuuded. 
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The  residts  are  given  in  Tables  XIV  to  XIX  inclusive,  and 
plotted  in  Fig.  7.  As  the  losses  with  the  winding  not  grounded 
are  practically  the  same  as  the  losses  with  the  middle  grounded, 
the  latter  tests  are  not  plotted.  With  one  terminal  grounded 
the  losses  arc  considerably  increased,  as  the  end  of  the  winding 
in  this  case  is  at  double  the  potential  above  ground  that  it  is 
in  the  first  two  cases.  When  the  leads  arc  connected,  the  losses 
are  increased,  due  to  corona  on  the  terminal  choke  coils  and  to 

TABLE  XIV 

NO-LOAD  LOSSES— WITHOUT  LEADS  AND  WITH  HIGH-TENSION  TERMI- 
NALS FREE  FROM  GROUND 

TRANSFORMER  60  CYCLES.  600  KVA..  1100/2200  VOLTS  TO  750.000    VOLTS 

NO.  630.263 


Kilovoltt 

VolU 

Amperes 

Generator 

high-tension 

low-tension 

low-tension 

Watts 

connection 

by  ratio 

50 

146 

2.34 

308 

440-volt 

100 

295 

4.5 

1.185 

150 

441 

6.2 

2.510 

150 

441 

5.98 

2.510 

1150- volt 

200 

586 

7.87 

4.220 

300 

881 

11.4 

9.110 

350 

1028 

13.3 

12.370 

376 

1100 

14.1 

14.180 

400 

1173 

15.2 

16.180 

450 

1320 

17.1 

20.450 

376 

1100 

14.7 

14.220 

2300-volt 

400 

1173 

15.5 

16.200 

450 

1320 

17.4 

20.400 

500 

1467 

19.4 

25.100 

550 

1614 

21.7 

30.150 

600 

1760 

24.8 

36.100 

650 

1910 

29  0 

42.800 

700 

2060 

36.3 

50.100 

750 

2200 

46.5 

59.200 

Temperature  of  oil  70  deg.  cent.  Connected  on  low-tension  for  2200  volts.  (See  Fig.  7 J 


the  boost  in  high-tension  voltage  caused  by  the  capacity  of  the 
leads.  Even  without  leads,  there  is  considerable  boost  in  volt- 
age, as  may  be  judged  from  the  fact  that  with  center  of  high- 
tension  winding  grounded,  a  voltage  of  650  kv.  by  ratio  caused 
a  discharge  across  a  needle  spark  gap  of  75.5  in.  (192  cm.), 
equivalent  approximately  to  750,000  volts;  and  with  one 
terminal  grounded,  a  voltage  by  ratio  of  375,000  caused  tVie  daa- 
char^e  of  a  SO.S-In.  (128'CmJ  gap,  equivalent  to  500,000  voUs 
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-U  1  M 

M4^ 

:.!,!_ 

43-/ 

ufA 

,: :  i  L. 

,. 

^^^^^Wr\^~ 

0 

l-tfS'^-T-^      1      '      1      1      1      1      i      I      1 

Fio.  7 — No-LoAi>   LossKs,  TBMfKRATURt;   70  ueg.  cent.,   500-k 
7C0,0l)0-VoLT  Tbansformer,  No.  03021)3 


NO-LOAD  LOSSES— W1TM(  111 

TERMINAL  C.HOUNDED 
TRANSFORMER  80  CVCLES,  50(>  KV-A,.  1 100/2200  TO  750,1)00  VOLTS.     NO.  6:M>,:iS3 


KilovdM 

Volt. 

Amp«,« 

Current 

O«ntr«tor 

Watt. 

high-tcnnon 

by  mtio 

to  ground 

Left-han 

K'g.focmKfaiKh.tL-nsion.  8 

ounded 

50 

146 

3  20 

416 



440-volt 

100 

292 

7.58 

ISO 

442 

11.9 

3,500 



150 

442 

12,3 

:t,4a« 

__ 

nSO-voll 

200 

ASS 

10.5 

f.,U80 

360 

732 

300 

SSI 

25,1 

13.510 

0,091 

350 

102S 

29,1 

18,390 

0,107 

400 

1175 

32,8 

23.800 

0,132 

450 

1320 

Ares  lo  K.ountl 

Right-h.n 

UB.fscingtigh-tenjion.g 

Quaded 

300 

SSI 

26.1                13,820 

0  0U3 

1150-volt 

360 

1028 

376 

1100 

32.3               21.400 

0.112 

400 

34,7               24,600 

426 

1247 

Ar^togrc 

... 

TeniperMurc  of  oil  70  dcg.  cent.   (Sec  Pig.  7) 
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Some  tests  were  also  made  on  a  companion  transformer,  No. 
716642,  which  is  identical  with  the  transformer  just  described 
except  that  the  low-tension  voltage  is  2500.  The  loss  was  first 
measured  with  the  low-tension  coils  only  on  core,  thus  giving  the 
core  loss  alone.  The  high-tension  coils  were  then  assembled  on 
core,  but  left  totally  disconnected  from  each  other.    This  high- 

TABLE  XVI 

NO-LOAD  LOSSES— WITHOUT  LEADS  AND  WITH  MIDDLE  OF  HIGH-TENSION 

WINDING  GROUNDED 

TRANSFORMER  60  CYCLES.  600  KV-A.,  1100/2200  to  750.000  VOLTS.     NO.  630.263 


Kilovolts 

VolU 

Amperes 

Generator 

high-tension 

low-tension 

low-tension 

Watts 

connection 

by  ratio 

50 

146 

2.35 

313 

440-volt 

100 

295 

4.44 

1.240 

150 

441 

6.30 

2.550 

150 

441 

6.03 

2.520 

1 150-volt 

200 

586 

7.94 

4.280 

250 

732 

9.78 

6.520 

300 

881 

11.7 

9.300 

350 

1028 

13.5 

12.590 

375 

1100 

14.3 

14.310 

400 

1173 

15.2 

16.300 

450 

1320 

17.0 

20.700 

500 

1467 

18.8 

25.700 

300 

881 

12.0 

9.230 

2300-volt 

350 

1028 

13.8 

12.510 

375 

1100 

14.8 

14.220 

400 

1173 

15.4 

16.320 

450 

1320 

17.2 

20.500 

500 

•      1467 

19.1 

25.250 

550 

1614 

21.7 

30.800 

600 

1760 

24.8 

36.700 

650 

1910 

29.4 

43.100 

700 

2060 

30.8 

50.400 

750 

2200 

45.7 

59.300 

Temperature  of  oil  70  deg.  cent. 


tension  winding  consists  of  134  coils,  with  a  total  of  26,000 
turns.  The  volts  per  coil  are  about  2850  and  the  volts  per  layer 
28J.  The  loss  in  each  case  was  measured  on  the  low  side,  and  is 
therefore  the  core  loss  plus  the  dielectric  loss.  It  is  evident 
that  the  greater  part  of  the  dielectric  loss  is  i)resent,  even  with 
all  the  coils  disconnected. 


460 


LEWIS:     TRANSFORMER  LOSSES 


[Feb.  27 


TABLE  XVII 

NO-LOAD  LOSSES— LEADS  CONNECTED  AND  HIGH-TENSION 

WINDING  UNGROUNDED 

TRANSFORMER  60  CYCLES.  500  KV-A..  1100/2200  TO  750.000  VOLTS.    NO.  630.263. 


Kilovolu 

high-tension 

Volts 

Amperes 

Watts 

Generator 

by  ratio 

low-tension 

low-tension 

connection 

52.2 

153 

2.73 

415 

440-volt 

104.4 

306 

5.29 

1.560 

157.0 

460 

8.14 

3.360 

157 

460 

7.92 

3.270 

1150-volt 

209 

613 

10.7 

5.540 

201 

766 

13.2 

8..320 

314 

920 

15.8 

12.500 

367 

1074 

18.3 

16.600 

392 

1150 

19.5 

19.050 

418 

1226 

20.9 

22,700 

506 

1484 

25.1 

33.000 

1535-volt 

554 

1625 

27.0 

38.800 

586 

1720 

29.0 

44.900 

636 

1864 

32.4 

53,700 

646 

1895 

33.2 

56.100 

Temperature  of  oil  70  deg.  cent.  (See  Pig.  7) 


TABLE  XVIII 

NO-LOAD  LOSSES— LEADS  CONNECTED  AND  ONE  HIGH-TENSION 

TERMINAL  GROUNDED 

TRANSFORMER  60  CYCLES.  500  KV-A..  1100/2200  TO  750.000  VOLTS.  NO.  630.263 


Kilovolts 

Volts 

Amperes 

Generator 

high-tension 

low-tension 

low-tension 

Watts 

connection 

by  ratio 

52.2 

153 

5.19 

638 

440-volt 

104.4 

306 

11.4 

2.470 

157 

460 

18.1 

5.550 

157 

460 

18.7 

5.450 

1150-volt 

209 

613 

25.1 

9.820 

266 

772 

32.7 

15,700 

297 

875 

37.2 

20,100 

335 

982 

41.9 

25.700 

370 

1087 

46.1 

35.400 

376 

1102 

47.5 

38,300 

Temperature  of  oil  70  deg.  cent.   (See  Fig.  7) 
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TABLE  XIX 
NO-LOAD  LOSSES— LEADS  CONNECTED  AND  MIDDLE  OP  HIGH-TENSION 

WINDING  GROUNDED 
TRANSFORMER  SO  CYCLES,  500  KV-A..  1100/2200  to  7S0,000  VOLTS.     NO.  eSO.SOS 


KUovdu 

Volt! 

Amper.. 

U«h-Wo«iot> 

low-tention 

Watt. 

by  ratio 

1T7.S 

«7 

8. SI 

3.3W 

1150-voit 

327 

916 

16. e 

333 

417 

1222 

•s*,* 

20.870 

B02 

1472 

28  45 

30,600 

Temperature  of  oil  70  deg.  cent. 

The  transformer  was  next  tested  completely  assembled  and 
ready  for  service.  The  difference  between  this  loss  and  the  core 
loss,  we  may  take  as  the  dielectric  loss  under  noimal  conditions. 
Another  set  of  readings  was  taken  with  one  high-tension  terminal 
grounded.  These  curves  are  plotted  in  Fig.  8,  and  the  readings 
are  given  in  Tables  XX  to  XXIII,  inclusive. 


■I 

-it 

i 

.     ■                           ^Z    /^ 

E                                 5    ^ 

L                     « ^ 

1                            "^7,X 

'„                ^L    J^^ 

f  ^y/.y 

i                   ^^^^rCf'  ^ 

.^^'"^y^i-^ 

"'    loT^w    3.'.>    ■■» '  ii   w  '  «L  L 

KILOVOLTa 

Pio.   8 — No. Load    Losses,    SOO-kv-a.,    750,000-Volt    Tbansfobmbs, 


For  comparison  the  core  loss  curve  of  Fig.  8  is  reproduced  in 
Fig.  7.  The  difference  between  the  total  loss  curves  of  Fig.  7 
and  the  core  loss  curve  is  greater  than  the  difference  between 
the  same  curves  of  V%^.  8,  duo  to  the  higher  temperature  iu  ttve 
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TABLE  XX 

CORE  LOSS— LOW-TENSION  COILS  ONLY  ON  CORE 

TRANSFORMER  60  CYCLES,  500  KV-A..  2500  TO  750.000  VOLTS.  NO.  716.A42. 


Kilovolts 

Low-tension 

high-tension 

Amperes 

Generator 

volts 

by  ratio 

low-tension 

Watts 

connection 

166 

50 

2.24 

165 

440.volt 

333 

100 

3.04 

607 

499 

150 

3.70 

1.234 

499 

150 

3.71 

1.234 

llSO-volt 

666 

200 

4.35 

2.025 

833 

250 

4.95 

3.030 

1000 

300 

5.64 

4.180 

1166 

350 

6  45 

5.360 

1166 

350 

5.45 

5.350 

1536volt 

1335 

400 

7.29 

7.070 

1500 

450 

8.34 

8.830 

1670 

500 

9.45 

10.550 

1835 

550 

11.5 

12.900 

1835 

550 

11.5 

12.900 

2300-volt 

2000 

600 

13.7 

15.150 

2165 

650 

17.0 

17.760 

2330 

700 

21.5 

20.950 

2500 

750 

27.5 

23.600 

2080 

804 

37.4 

28.100 

Temperature  of  air  19  deg.  cent.     (See  Fig.  8) 


TABLE  XXI 

NO-LOAD  LOSSES— HIGH-TENSION  COILS  ALL  DISCONNECTED 

TRANSFORMER  60  CYCLES.  500  KV-A..  2500  TO  750.000  VOLTS.     NO.  716.642 


Low-tension 

Kilovolts 

Amperes 

Generator 

volts 

high-tension 
by  ratio 

low-tension 

Watts 

connection 

166  5 

50 

2 .  30 

196.5 

440- voU 

333 

10(» 

3.30 

720 

500 

150 

4.08 

1.520 

666 

200 

4.84 

2.480 

666 

200 

4.80 

2.470 

11 50- volts 

833 

260 

5  66 

3.790 

1000 

300 

6.54 

5.280 

1165 

350 

7.60 

7.100 

1334 

400 

9.00 

9.550 

1250 

375 

8.37 

8.430 

2300-volt 

1334 

400 

8.79 

9.210 

1500 

450 

10.4 

11.350 

1666 

500 

12.2 

13.800 

1835 

550 

14.3 

17.250 

2000 

600 

17.2 

20.660 

2170 

650 

20.7 

24.560 

2330 

700 

25.0 

28.710 

2500 

750 

30.7 

35.720 

Temperature  of  air  Vi  de«.  cent.  CSee  Pig.  8) 
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TABLE  XXII 
NO-LOAD  LOSSES— TERMINALS  FREE  FROM  GROUND 
TRANSFORMER  60  CYCLES.  600  KV-A..  2500  TO  750.000  VOLTS.     NO.  716,642 


Low-tension 

KilovoUs 

Amperes 

Generator 

volU 

high-tension 
by  ratio 

low-tension 

Watts 

connection 

200 

60 

1.66 

322 

384-volt 

242 

72.5 

2.02 

466 

252 

75.5 

2.11 

500 

292 

87.5 

2.55 

648 

314 

94.2 

2.7 

748 

324 

97.2 

2.91 

791 

346 

104 

3.18 

900 

420 

126 

3.99 

1250 

767-volt 

540 

162 

5.28 

1965 

705 

212 

7.1 

3160 

762 

229 

7.86 

3662 

814 

244 

8.35 

4145 

823 

247 

8.5 

4120 

1150- volt 

1026 

308 

10.7 

6360 

• 

1223 

366 

13.0 

8830 

1291 

388 

13.7 

9860 

Temperature  of  air  25.5  dcg.  cent.    (See  Pig.  8) 


TABLE  XXIII 
NO-LOAD  LOSSES— ONE  HIGH-TENSION  TERMINAL  GROUNDED 
TRANSFORMER   60   CYCLES.   600   KV-A..   2500  to  750.000  VOLTS.  NO.    716.642 


Low-tension 

Kilovolts 

Amperes 

Generator 

volU 

high-tension 
by  ratio 

low-tension 

Watts 

connection 

212 

63.6 

4.71 

524 

384-volts 

255 

76  5 

6.00 

740 

312f 

93.6 

7.00 

1.102 

400 

120.0 

10.2 

1.740 

455 

136.5 

11.85 

2.235 

608 

182.5 

16.4 

3.880 

767-volts 

675 

202.0 

18.5 

4.890 

750 

225.0 

20.8 

5.950 

825 

248.0 

23.3 

7.250 

758 

228 

21.3 

6.080 

1150-volts 

900 

270 

26.3 

8.720 

960 

288 

28.5 

9,860 

1060 

315 

31.0 

11.900 

1180 

354 

35.5 

15.300 

\ 

Temperature  of  tUi 

r  22. 6  deg.  cent. 

(See  Fig.  8) 
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As  the  insulation  losses  in  all  cases  arc  included  in  the  no- 
load  readings,  no  especial  determination  of  them  is  necessary, 
but  it  is  apparent  that  it  is  essential  to  measure  the  no-load 
losses  at  the  operating  temperature. 

III.  Recommendations 

It  is  recommended  that  Sections  156  to  159  of  the  Stand- 
ardization Rules  be  amended  as  follows: 
The  losses  in  Transformers  are: 

1  No-LoAD  Losses,  including  Core  Loss  and  Dielectric  Loss, 
measured  with  open  secondary  circuit,  at  rated  frequency  and  rated 
(full-load)  voltage  minus  /  r,  where  /  =  rated  current,  and  r  =  re- 
sistance of  primary  circuit.  There  is  also  a  small  resistance  loss  due 
to  exciting  current  in  the  primary. 

a.  Core  Loss,  including  hysteresis  loss  and  loss  due  to  eddy  currents 
in  the  steel. 

b.  Dielectric  Loss,  energy  loss  in  the  insulation  due  to  electrostatic 
stress. 

2  Load  Losses,  including  Resistance  Loss  and  Stray  Loss,  practic- 
ally e<}ual  to  the  impedance  losses  which  are  deterniined  by  short- 
circuitmg  the  secondary  and  impressing  upon  the  primary  a  voltage 
sufRcient.to  send  rated  load  current  through  the  transformer. 

a.  Resistance  Loss,  the  sum  of  the  Pr  losses  in  the  primary  and 
secondary  windings  of  a  transformer,  or  in  the  two  sections  of  the  wind- 
ing of  an  auto-transformer,  where  /  ■»  rated  load  current  in  the  wind- 
ing or  section  of  winding,  and  r  =  resistance.     In  the  primary,  /  » 
resultant  of  load  current  and  exciting  current. 

6.  Stray  Loss,  the  eddy  current  loss  in  the  copper,  and  the  stray 
losses  in  the  neighboring  iron,  due  to  the  stray  or  leakage  flux  caused 
by  the  current  at  rated  load. 
8       On  account  of  the  variation  with  temperature,  all  losses  should  be 
measured  at  the  operating  temperature. 
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STRAY  LOSSES  IN  TRANSFORMERS 


BY  C.  FORTESCUE  AND  W.  M.  McCONAHEY 


(1)  Introduction 

The  object  of  this  paper  is  to  obtain  a  convenient  method  of 
evaluating  the  actual  losses  in  the  copper  of  a  transformer  under 
operating  conditions,  and  of  figuring  the  regulation. 

The  losses  in  the  copper  of  a  transformer  are  influenced  by 
several  conditions,  namely, 

a.  Frequency  and  wave  form 

b.  Dissymmetry  of  winding 

c.  Permeability  of  iron 

d.  Temperature. 

a.  The  portion  of  the  losses  in  the  copper  that  depends  on 
frequency  is  included  in  what  is  termed  *'  eddy-current  loss  in 
the  copper,"  analogous  to  **  skin  effect  "  in  line  conductors,  and 
is  practically  eliminated  in  careful  designs.  Higher  harmonics 
in  the  wave  form  of  impressed  e.m.f .  have  also  some  effect  on  these 
losses,  as  would  naturally  be  expected,  since  they  are  dependent 
upon  frequency. 

b.  The  losses  due  to  dissymmetry  of  winding  arc  confined  to 
transformers  with  parallel  connections  when  the  different  circuits 
forming  the  parallel-coimected  secondary  are  not  similarly 
disposed  with  regard  to  the  primary  circuit  and  one  another. 
These  losses  are  independent  of  frequency  and  are  of  little  im- 
portance, since  they  will  be  negligibly  small  in  good  designs. 

c.  The  losses  in  the  copper  may  be  affected  by  the  permeability 
of  the  iron.  If  eddy-current  losses  arc  present  these  will  be 
affected  by  any  change  in  the  leakage  induction  due  to  a  change 
of  permeability.  The  permeability  will  affect  the  value  of  the 
exciting  current  and  thereby  the  copper  loss  under  load.    These 
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eflFects  are,  however,  usually  so  small  as  to  be  negligible  except 
in  special  cases. 

d.  Temperature  will  have  the  effect  of  increasing  the  true 
PR  losses  and  decreasing  the  eddy-current  losses.  Where  a 
transformer  has  large  eddy-current  losses  its  copper  loss  should 
be  measured  if  possible  at  the  temperatiu'e  on  which  guarantees 
are  based.  A  first  approximation  to  the  effect  of  temperature  on 
cddy-currcnt  losses  may  be  obtained  by  considering  them  directly 
proportional  to  the  conductivity  of  the  copper  and  correcting  for 
temperature  accordingly. 

(2)  Theoretical  Study  of  Copper  Losses  in  Transformers 

The  theory  of  the  transformer  depends  on  that  of  two  mutually 
inductive  circuits.  A  clear  understanding  of  the  actions  that  take 
place  in  transformers  cannot  be  obtained  without  a  careful  study 
of  the  theory  of  such  a  pair  of  circuits.  It  must  not  be  supposed, 
however,  that  a  system  of  this  kind  can  be  made  to  represent  a 
transformer  exactly;  on  account  of  the  peculiar  characteristics 
of  iron  this  is  impossible.  It  furnishes,  however,  a  model  suffi- 
ciently close  to  be  accurate  enough  for  all  practical  piuposes. 
The  resistances  and  inductances  of  the  two  circuits  will  be 
influenced  by  frequency,  temperature,  etc.  in  the  same  way  as  the 
windings  of  a  transformer.  Results  obtained  mathematically 
for  such  a  pair  of  circuits  will  apply  with  almost  equal  accuracy 
to  transformers. 

Let  the  resistance  and  inductance  of  the  primary  circuit  be 
Ri  and  Li  and  those  of  the  secondary  R2  and  Lj;  let  the  mutual 
inductance  be  M  and  the  resistance  and  self-inductance  of  the 
load  on  the  secondary  circuit  be  Ro  and  Lo;  let  d  be  the  value  of 
the  impressed  e.m.f.  The  differential  equations  of  the  two  cir- 
cuits arc 

L.^+M^+R.U  =  e.  (1) 

(L,  +  Lo)  ~  +  ^^  -dl  +  (^*  +  ^o)  *■«  =  0  (2) 

# 

From  (2)  we  have 


iRi  +  Ro)  +  KU  -V  L«^  -^ 
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Substituting  this  in  (1) 

Li-j- -r-  +  Ri    hi  =  ei 

(22,  +  Ro)  +  (L,  +  L«)  -J- 

or 


AP    ^ 


d  /* 
Ri 1^  {R2  +  i?o) 

{Rt  +  Ro)*-  {L2  +  L0)*  f^ 


AP    ^ 


+1    ^'  + ^^^ ^ (^>  +  ^"^  IjT 

*  (2?,  +  i?o)»-  (L,  +  UY  -jj  '  *  ' 


ti=ei 
(4) 


If  f  1  be  a  harmonic  function  of  time  it  may  be  represented  by 
the  real  part  of  the  complex  variable  function 

I  |(an+7  6n)e>'*^M 

The  final  or  steady  value  of  i\  will  then  be  the  real  part  of  the 
similar  expression  afforded  by  the  particular  integral  of  equation 
(4) ;  or,  denoting  the  complex  variable  function  representing  in 

V 

its  real  part  the  value  of  i\  by  I\  we  have  equations  (6)  and  (6). 

V 

£1  represents  the  complex  variable  function  the   real   terms 

A 

of  which  give  the  instantaneous  value  of  t\  and  Za  represents 
the  operation  -R«  +7  n/> La  on  each  successive  term  of  the  quanti- 

V  V 

ties  I\  and  £1,  the  value  of  n  being  the  same  as  that  in  the  index 
of  the  base  of  the  Napierian  logarithm  contained  in  the  term 
operated  on.     The  values  of  Ra  and  La  will  be 

^^^'+   (R,  +  R,y  +  n^p^  {U  +  UY  ^^'  +  ^'^        ^^^ 
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This  gives  the  effective  resistance  and  inductance  of  the  primary 
circuit  with  loaded  secondary  to  the  nth  harmonic  component  of 
the  impressed  e.m.f. 

Using  the  same  notation,  equation  (3)  may  be  put  into  the 
form 

/  ^ JnpM V 

'*  (/?,  +  Ro)  +jnp  (L2  +  Lo)      '  ^''^ 

If  the  load  resistance  and  inductance  be  made  zero  we  shall 
have  the  effective  resistance  of  the  system  under  short  circuit, 
that  is, 

/?6    =    i?i    -f       -r^— .— V  ...    ,     o  ^2  (10) 


Similarly,  if  the  primary  windinj;  be  short-circuited  and  the 
current  circulated  through  the  secondary,  the  effective  resistance 
and  inductance  will  be 


^  =  ^'  +  R^+n'^P'U  ^'  ^^^^ 


»2  ^2  JJ/2 

^^  ^  ^'  "  R,^  +  ;/=  p'  Lr  ^'  ^"^ 

The  secondary  terminal  e.m.f.  imdor  load  is 

V  V     A 

£2  =  h  Zo  (14) 

The  secondary  e.m.f.  at  no  load  is 


by  (6)  this  is 


V    _  jnpM       /    A 
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and  by  (9)  this  is 

V    _    (R,  +  Ro)  +jnpiU  +  U)    )f   ^  .... 

£o R-TjnpT^, ^'  ^'  ^^*^ 

From  (14)  and  (16), 

A  A 

or,  substituting  for  Za  and  Zo, 

(17) 

This  latter  expression  gives  the  basis  on  which  to  calculate  the 
regulation  of  transformers.  For  air  coils  having  mutual  induct- 
ance it  gives  exactly  the  same  effective  resistance  and  inductance 
as  obtamed  with  short-circuited  primary  and  current  circulated 
through  the  secondary.  [See  (12)  and  (13)].  With  transformers 
where  L\  and  Lt  are  functions  of  the  induction  it  gives  the  effec- 
tive short-circuit  resistance  and  inductance  under  load  conditions, 
and  these  may  be  slightly  different  from  those  obtained  with 
short  circuit. 

V 

From  (1)  we  obtain  another  expression  for  /i 


V 


V 

7    ^  ^\ jnpM 

'       Ri+fnpLi        Ri+jfipL,   ''  ^^""^ 


-  ^-       R,+jnpL, ''  ("^ 


The  first  term  is  the  open-circuit  exciting  current;  the  second 
term  is  the  current  obtained  in  the  primary  when  it  is  short- 
circuited  and  current  I2  is  sent  through  the  secondary  winding. 
If  |/m|n|/i|n  and  |/2|»  dcnotc  the  effective  values  of  thewth  term 

V     V  V 

of  the  series  representing  each  of  the  quantities  /«  /i  and  h,  and 
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if  <p»  be  the  phase  displacement  between  the  nth  harnoonic  of 

V  V 

El  and  It,  we  have  from  (19) 


The  true  copper  loss  is 


+  2  ;^jJ^     |/.U|/,U  sin  V?.  }     (20) 


+2  J  j  -^4JLJL      l/^Ul/^U  i?i  sin  v^n  }  +/.» i?i     (21) 

The  first  two  values  on  the  right-hand  side  of  equation  (21) 
is  the  copper  loss  as  obtained  from  (18),  which,  as  will  be  shown 
later,  may  be  obtained  by  measurement.  It  will  also  be  shown  to 
be  practically  the  same  as  the  loss  obtained  under  short  circuit. 
The  foiu'th  term  is  constant  for  a  given  impressed  c.m.f.  and  is 
included  in  the  iron  loss  measurement.  The  third  term  is  the 
correction  to  be  made  to  the  loss  as  obtained  by  (17)  or  the  short- 
circuit  method,  to  obtain  the  correct  value  of  the  copper  loss.  In 
practical  application  of  this  correction  the  quantity 

n  p  M 


VjRx«+V  pz  Lj2 

may  be  taken  to  be  equal  to  n2/ni  where  tii  and  n2  are  the  pri- 
mary and  secondary  turns. 

(3)  Method  of  Measuring  Impedance  and   Short-Circuit 

Loss  UNDER  Load 

It  has  been  shown  how  the  true  copper  loss  in  the  case  of  two 
mutually  inductive  circuits  may  be  obtained  by  a  correction 
to  be  added  to  the  copper  loss  obtained  under  short  circuit.  In 
transformers  the  old  method  of  obtaining  the  short-circuit  loss 
has  been  subjected  to  criticism  on  the  grotmd  that  the  condition. 
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of  the  iron  when  the  transformer  Js  under  load  as  regards  jwrmea- 
bility  is  very  different  from  its  condition  when  one  winding  is 
short-circuited  and  full-load  current  circulated  through  the  other. 
Equation  (17)  furnishes  us  with  a  theoretical  basis  tor  obtaininR 
the  value  of  the  short-circuit  losses  with  conditions  of  induction 
obtained  under  oi)cration.  As  regards  mutually  inductive  circuits 
in  air,  the  difference  between  the  o])en-circuit  voltage  of  Uicsecond- 
ary  and  the  full-load  voltage  as  shown  by  (17)  is  the  mathe- 
matical equivalent  of  the  impedance  voltage  obtained  with  the 
primary  short-circuited  and  full-load  current  circulated  in  the 
secondary  winding.  With  transformers  there  is  a  difference  be- 
tween these  two  quantities,  due  to  the  ijermeability  being  dillcr- 


FiG.  1  —Scheme  of  Connections  for  Measuring  Copper  Loss 
AND  Impedance  Volts  of  Transformer  under  Load  (Opposition) 
AT  Different  Power  Factors. 


ent  at  high  and  low  induction.  Thus  for  transformers  (17)  gives 
the  short-circuii  imijcdance  and  short-circuit  loss  with  the  same 
induction  in  the  iron  as  that  obtained  under  load,  while  (12)  and 
(13)  give  the  resistance  and  inductance  obtained  under  short 
circuit  when  the  induction  is  very  low. 

With  a  view  to  determining  whether  the  conditions  in  the  iron 
produce  an  appreciable  change  in  the  values  of  the  short-circuit 
losses  of  a  transformer,  the  following  method,  based  on  equation 
(17),  of  measuring  impedance  volts  and  short-circuit  losses  with 
load  conditions,  was  u.scd.  Two  transformers  were  loaded  by  the 
opposition  method.  A  third  transformer  of  like  characteristics 
was  connected  with  its  primary  in  multiple  with  that  one  of  the 
two  loaded  transformers  of  which  the  short-circuit  losses  and 
impedance  under  load  condition  was  to  be  measured.     The 
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secondaries  of  the  two  transformers  were  connected  so  that  the 
electromotive  forces  were  opposed,  and  a  wattmeter,  the  series 
coil  of  which  was  in  the  secondary  circuit  of  the  two  loaded 
transformers,  had  its  shimt  energized  by  the  difference  of  the 
secondary  electromotive  forces  of  the  loaded  and  unloaded  trans- 
formers. The  wattmeter  then,  with  proper  corrections,  reads  the 
short-circuit  loss  corresponding  to  the  condition  of  induction  in 
the  iron  at  the  load  that  is  given.  The  power  factor  of  the  load 
may  be  changed  by  exciting  the  loaded  transformer  from  the  differ- 
ent phases  of  a  three-phase  generator.   •(Sec  Fig.  1.) 

(4)  Test  Results 

Tests  were  made  on  a  150-kv-a.  60-cycle  transformer  to  ascer- 
tain if  there  were  any  variations  in  the  values  of  the  short-circuit 
losses  under  different  power  factors  of  load  and  change  in  excita- 
tion.   The  results  obtained  are  tabulated.    (See  Table  I.) 

The  first  six  results  given  in  the  table  were  obtained  with  excit- 
ing voltages  0,  500,  1000,  1500,  2000  and  2500;  the  losses  being 
respectively  1164.4,  1164.4,  1164.4,  1169.4,  1176.4  and  1176.4 
watts.  The  maximum  variation  in  these  values  is  a  little  over 
1  per  cent.  The  first  value  should  be  identical  with  the  loss  ob- 
tained by  the  short-circuit  test,  which  is  1136  watts;  it  is  seen 
to  be  2J  per  cent  higher.  This  difference  is  partly  due  to  a  differ- 
ence in  temperature  of  the  windings  at  the  time  the  two  tests 
were  made  and  partly  to  a  slight  difference  in  the  magnetic 
characteristics  of  the  loaded  and  unloaded  transformers.  The 
remaining  results  show  a  difference  in  the  measured  values  at  full 
load,  with  power  factors  varying  from  31  per  cent  to  99  per  cent, 
of  a  little  over  2  per  cent.  This  difference  is  due  entirely  to  the 
rise  in  temperature  of  the  windings  during  test.  This  also  is 
the  cause  of  the  difference  between  the  value  at  zero  excitation 
and  that  at  maximum  excitation  and  31  per  cent  power  factor. 
The  ]jrincipal  results  of  these  tests  are  given  below. 

Short-circuit  loss  obtained  by  standard  method 1136 

"  "         "by  method  described,   exciting  volts 

zero 1164 

"  "         "    maximum  excitation,  31  per  cent  power 

factor 1175.4 

****""  "  99  per  cent  power 

factor 1189.4 

Tests  were  made  on  a  transformer  of  smaller  size  with  similar 
results. 
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(5)  Practical  Formulas 

The  following  formulas  are  based  on  the  preceding  investiga- 
tion. 

Regulation 

-  „      short-circuit  losses    ^  i^wx 
rated  output 

T  y  —  reactance  volts  ^^ 

scondary  rated  voltage 

P,F,  =  Power  factor  of  load. 

Per  cent  regulation  =  (P,F.)  IR  +  Vl  -  (P.F.)«  IX      (22) 
The  following  correction  may  be  added  where  a  higher  degree 
of  accuracy  is  required. 

Con^ction  =  \iP.F.)IX- VJ^-JPTf:)^  IRV-  ^^S) 

7*  R  AND  Stray  Losses  in  Copper 

If  we  define: 

Im  =  effective  value  of  primary  no-load,  exciting  current 

li  =  effective  value  of  secondary  load  current 

fii  =  number  of  primary  turns 

W2  =  number  of  secondary  turns 

Ri  =  effective  resistance  of  primary  winding, 

«i  Im 

P  =  -zr-r  - 


a  = 


{?,'•}"' 


Short-circuit  loss 


Total  loss  in  copper 

=  short-circuit  loss  X  (1  +  2  />  qVl  -  {PTRy")  (24) 

To  illustrate  this  by  an  example:  suppose  a  transformer  has  an 
exciting  current  of  10  per  cent  and  its  short-circuit  loss  is  2  per 
cent,  what  will  be  the  correct  copper  loss  at  80  per  cent  power 
factor,  supposing  that  the  portion  of  the  short-circuit  loss  in  the 
primary  circuit  is  60  per  cent  of  the  total  value? 


1913] 


TRANSFORMER  LOSSES 


475 


Per  cent  copper  loss  =  per  cent  short-circuit  loss  X  (1  +  2 
X  0.1  X  0.6  X  0.6)  =  2.14  per  cent. 

The  above  formula  omits  the  effect  of  the  hysteresis  angle, 
which  will  slightly  increase  the  correction,  but  the  amount  added 
thereby  is  too  small  to  be  of  any  importance.  It  will  be  noted 
that  at  100  per  cent  power  factor  the  correction  is  zero,  and 
since  efficiencies  are  normally  figured  at  this  power  factor,  it  will 
be  necessary  to  make  a  correction  only  when  efficiencies  are  re- 
quired at  low  power  factors. 

TABLE  I. 

SHORT-CIRCUIT  LOSS  AND    IMPEDANCE  VOLTS  OBTAINED  BY    METHOD 

SHOWN  IN  PIG.  1.  WITH  VALUES  OP  IMPREvSSED  VOLTAGE  RANGING 

PROM  ZERO  TO  NORMAL  RATED  VALUE.  AND  WITH  POWER  PACTORS 

FROM  99  PER  CENT  DOWN  TO  31  PER  CENT. 

FREQUENCY  60  CYCLES. 


Primary 

Primary 

Secondary 

Power  factor 

Watts 

Impedance 

volts 

amperes 

amperes 

of  load 

loss 

volts 

0 

60.0 

13.63 

30.9 

1164.4 

276 

600 

60.2 

13.63 

30.9 

1164.4 

277 

1000 

60.7 

13.63 

30.9 

1164.4 

278 

1500 

60.9 

13.63 

30.9 

1169.4 

277 

2000 

61.3 

13.63 

30.9 

1176.4 

278 

2500 

62.6 

13.63 

31.6 

1176.4 

277 

2500 

58.0 

13.63 

•32.4 

1176.4 

276 

2500 

59.2 

13.63 

65.6 

1189.4 

276 

2500 

61.8 

13.63 

•69.0 

1189.4 

279 

2500 

61.4 

13.63 

99.2 

1189.4 

278 

2500 

59.4 

13.63 

•99.3 

1179.4 

277 

The  differences  in  the  wattmeter  measurements  given  in  this  table  are  due  to  the 
increase  in  temperature  of  the  windings  during  the  time  the  test  was  in  progress.  Satis- 
factory measurements  of  resistance  were  not  obtained  and  therefore  no  correction  has 
been  made  in  the  readings. 

*In  this  case  the  transformer  was  receiving  power  at  the  secondary  terminals,  in- 
stead of  at  the  primary  terminals. 


(6)  Recommendations 

In  view  of  the  test  results  given  in  Section  4  and  others  that 
have  been  obtained  from  time  to  time,  the  authors  feel  justified 
in  recommending  that  the  old  standard  method  of  obtaining  short- 
circuit  losses  in  transformers  be  retained.  In  special  cases  the 
method  described  in  this  paper  may  be  used,  but  on  account  of  the 
inconvenience  of  applying  it,  its  general  use  is  not  recommended. 
It  is  recommended  that  the  copper  loss  and  regulation  be  cal- 
culated from  the  short-circuit  loss  and  impedance  voltage.  The 
correction  to   the  short-circuit  loss  to  obtain  the  copper  loss 
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under  load  may  be  made  according  to  the  practical  fonnula  (24) 
which  is  derived  from  equation  (21).  The  regulation  may  be 
figured  according  to  formula  (22) ,  the  correction  for  the  quadra- 
ture component  given  by  formula  (23)  being  used  where  required. 
This  well-known  formula  is  based  on  equation  (17)  and  gives 
very  nearly  exact  values  when  the  correction  for  the  quadrature 
component  is  used.  It  is  very  much  simpler  than  other  less  ac- 
curate formulas  that  are  in  common  use. 

List  of  Symbols  used  in  Theoretical  Discussion 

Li  =  Primary  open-circuit  inductance 

Li  =  Secondary  open-circuit  inductance 

Lq  =  Inductance  of  load 

M  =  Mutual  inductance  between  primary  and  secondary 

Ri  =  Primary  resistance 

R2  =  Secondary  resistance 

Ro  =  Resistance  of  load 

ii    =  Instantaneous  value  of  primary  current  * 

t2  =  Instantaneous  value  of  secondary  current 

Ci  =  Primary  impressed  e.m.f. 

/)  =  2  Tf  X  frequency 

V 

/i  =  Complex  variable  expression  for  primary  current 

V 

I2  =  Complex  variable  expression  for  secondary  current 

V 

/m  =  Complex  variable  expression  for  primary  open-circuit 
current 

V 

El  =  Complex  variable  expression  for  primary  impressed 
e.m.f. 

V 

£2  =  Complex  variable  expression  for  secondary  nonnal 
e.m.f.  under  load. 

V 

£0  =  Complex  variable  expression  for  secondary   no-load 

e.m.f. 
/i  =  EfTeclive  or  root-niean-square  value  of  primary  current 
li  =  Effective  or  root-mean-square  value  of  secondary  cur- 
rent 
Im  =  Effective  or  root-mean-square  value  of  primary  open- 
circuit  current 
l/ilJ/Jnl/mln    Tcprcsent    the    effective    value    of    the  »th 

V    V     V 

harmonic  of  the  quantities  /i  /j  Im 
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A 

Z.  =  For  simple  sine  waves,  the  effective  impedance  of  the 
primary  circuit  under  load.  For  any  periodic  wave 
it  represents  an  operation  equivalent  to  impedance 
on  each  harmonic  of  the  wave,  the  value  of  the 
impedance  changing  with  each  harmonic. 

A  A 

Zo  =  Similar  operation  to  Za  but  representing  impedance  of 
load. 
Ra  La  =  Resistance  and  inductance  corresponding  to  Za 
Rh  Lb  =  Resistance   and   inductance  corresponding  to  short- 
circuit  impedance. 
Re  Lc  =  Resistance  and  inductance  corresponding  to  imped- 
ance of  secondary  with  primary  short-circuited. 
4>n  =  Phase  angle  for  nth  harmonic. 
The  symbols  used  in  Section  5  of  this  paper  are  defined  in  the 
text. 
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DETERMINATION    OF    LOAD    LOSS    CORRECTION 
FACTORS  FOR  ROTATING  ELECTRIC  MACHINES 


BY  E.  M.  OLIN  AND  S.  L.  HENDERSON 


It  is  well  known  that  certain  of  the  losses  occurring  in  rota- 
ting electric  machines  can  be  accurately  determined  from  no- 
load  measurements.  Some  of  the  losses,  however,  cannot  be  so 
determined,  as,  owing  to  conditions  which  develop,  as  load  is 
applied,  a  gradual  increase  in  these  losses  takes  place. 

The  difference  between  the  total  losses  under  load  and  the 
sum  of  the  separate  losses  as  determined  from  no-load  measure- 
ments is  commonly  known  as  **  load  loss  "  or  *'  stray  loss." 

This  paper  will  present  data  relating  to  the  load  losses  of 
certain  classes  of  machines  and  will  describe  the  methods  em- 
ployed to  secure  the  data. 

The  classes  considered  are  the  following: 

a.  Direct-current  motors  and  generators. 

b.  Alternating-current  generators  and  synchronous  motors. 

c.  Synchronous  converters. 

At  any  given  load  the  only  losses  occurring  in  these  types 
which  cannot  be  accurately  determined  from  no-load  measure- 
ments are  the  so-called  "  core  loss  '*  and  the  loss  due  to  eddies 
set  up  in  the  armatiu'e  conductors  by  the  stray  fields  of  useful 
currents  flowing  in  these  conductors. 

In  a  paper*  previously  prepared  by  one  of  the  present  writers 
it  was  proposed  to  apply  empirical  correcting  factors  to  the 
values  of  core  loss  and  armature  copper  loss  as  determined  from 
no-load  measurements  in  order  to  arrive  at  their  true  values 
under  load. 


*  Determination  of  Power  Efficiency  of  Rotating  Electric  Machines,  E.  M. 
Oiin,  Trans.  A.  I.  E.  E..  1912.  Vol.  XXXI,  Part  II,  p.  1695. 
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Two  constants  were  suggested,  the  first  to  be  applied  to  the 
measured  no-load  core  loss  to  compensate  for  the  increased  loss 
due  to  field  distortion  under  load,  the  second  to  be  applied  to 
the  calculated  armature  Pr  loss  to  compensate  for  eddies  in 
the  conductors  due  to  the  application  of  load.  These  eddies 
include  the  secondary  losses  of  commutation  as  well  as  those 
set  up  by  useful  currents  flowing  in  the  conductors. 

Since  that  paper  was  written,  tests  have  been  conducted  with 
a  view  to  establishing  the  values  of  these  constants.  Very 
early  during  the  progress  of  these  tests  it  was  found  that  it 
would  not  be  practicable  to  separate  the  increased  loss  due  to 
load  into  its  two  component  parts,  namely  the  increase  in  core  loss 
due  to  field  distortion,  and  the  increase  in  copper  loss  due  to 
eddies  in  armature  conductors. 

In  other  words,  two  separate  constants  could  not  be  de- 
termined, as  no  satisfactory  method  could  be  worked  out  for 
arriving  at  their  values.  It  was  found,  however,  that  in  each 
type  of  machine  a  fairly  uniform  ratio  exists  between  the  sum  of 
these  losses  as  determined  from  no-load  measurements  and  their 
sum  as  determined  from  actual  load  tests. 

This  relation  may  be  expressed  thus:    At  any  given  load, 

actual  core  loss  +  actual  armature  copper  loss 
=  X  {measured  no-load  core  loss  -f  calculated  armature  Pr  loss), 

where   X   is   a  constant   depending   upon  the  type  of  machine 
and  upon  the  magnitude  of  the  load. 

In  order  to  determine  the  values  for  this  constant,  special 
tests  were  conducted  on  each  type  of  machine.  In  these  tests 
every  possible  refinement  was  employed.  The  most  approved 
methods  were  used,  and  the  most  expert  men.  All  instruments 
were  specially  calibrated  and  great  care  was  used  to  locate  them 
where  they  would  not  be  influenced  by  stray  fields.  To  avoid 
fluctuations  special  machines  were  used  to  generate  the  power. 
Each  reading  is  the  average  of  a  series  of  ten  readings  taken  at 
intervals  of  ten  seconds.  These  tests  will  be  referred  to  through- 
out as  **  laboratory  **  tests  to  distinguish  them  from  the  ordinary 
commercial  tests  recorded  herein,  a  large  number  of  which  were 
examined  with  a  view  to  checking  further  the  values  for  the 
constants. 

Direct-Current  Machines 

A  convenient  way  of  determining  the  load  losses  of  direct- 
current  generators  or  motors  is  by  measuring  the  power  supplied 
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from  outside  sources  to  a  pair  of  coupled  machines  loaded  one 
against  the  other  by  the  well-known  "  pumping  back  **  method. 
In  this  test  the  shafts  of  two  similar  machines  are  rigidly  coupled 
together  mechanically,  the  armatures  are  connected  in  parallel 
electrically  and  current  is  made  to  flow  bc^tween  them  by  ad- 
justing the  field  strengths  to  get  the  required  difference  in 
em  f 's. 


Fic    1—"  Loading-Back  "    Test    of    Direct-Current    Machines- 
Losses  Supplied  Electrically 

There  are  two  ways  of  making  the  test.  In  one  the  losses  are 
supplied  by  direct  electrical  connection  to  the  armature  circuit 
of  the  machines  under  test,  as  in  Fig.  1;  in  the  other  the  losses 
are  supplied  mechanically  by  means  of  a  calibrated  driving 
motor,  as  in  Fig.  2. 

In  either  case  Ijhe  power  supplied  from  outside  sources  rep- 
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Fig. 2 — "Loading-Back'*  Test  of  Direct-Current  Machines — 

Losses  Supplied  Mechanically 


resents  the  combined  losses  of  the  two  machines.  By  a  compari- 
son of  these  losses  with  the  sci)arate  losses  as  calculated  from 
no-load  measurements,  the  increased  loss  under  load  due  to 
field  distortion  and  eddies  in  armature  conductors  can  be  de- 
termined. If  possible,  machines  exactly  alike  in  characteristics 
should  be  used  to  get  the  best  njsults. 

Referring  to  Fig.  1,  it  is  to  be  noted  that  the  machine  which 
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operates  as  a  motor  will  take  a  greater  armature  current  than 
that  operating  as  a  generator  by  the  amount  of  loss  current 
supplied  from  the  outside  source.  Due  allowance  must  be  made 
for  this  when  computing  the  separate  losses.  The  internal 
voltage  of  each  machine  is  calculated  at  any  load  from  the  known 
armature  current  flowing,  the  resistance  of  windings  and  brushes 
and  the  known  terminal  voltage. 

The  no-load  core  loss  of  each  machine  corresponding  to  these 
internal  voltages  is  found  by  referring  to  core  loss  characteristics 
previously  determined  by  the  separate  driving  motor  method. 
The  Pr  losses  are  computed  from  the  measured  resistances 
and  the  known  current  flowing  in  each  machine.     The  frictional 
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Fig.   3— 470-h.p 


losses  can  be  measured  by  the  separate  driving  motor  method 
or  computed  from  a  comparison  of  the  no-load  power  input 
reading  and  the  core  loss  characteristics. 

When  the  losses  are  supplied  mechanically,  as  shown  in  Fig.  2, 

the  same  current  circulates  in  the  armature  circuit  of  each 
machine,  but  the  internal  voltages  are  somewhat  different. 
The  separate  losses  are  computed  as  before. 

Laboratory  tests  were  conducted  on  a  pair  of  470-h.p,  direct- 
current  comuiutaUng-jjole  motors  of  the  most  modem  design, 
according  to  tht  method  described  above,  with  the  losses  supplied 
mechanically  as  shown  in  Fig.  2.  The  results  of  this  test  are 
shown  in  Fig.  3,  and  in  Table  I. 

In  addition  to  the  test  described  above,  the  readings  taken  on 
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a  pair  of  3750-kw.  commutating-polc  generators  which  happened 
to  be  on  the  test  floor  at  the  same  time,  were  carefully  gone 
over  with  a  view  to  getting  further  information  as  to  the  values 
of  the  constant. 

These  generators  were  tested  by  the  "  pumping  back  "  method 
with  electrical  loss  supply,  as  shown  in  Fig.  1.  Conditions 
were  not  as  favorable  as  in  the  case  of  the  470-h.p.  motors,  owing 
to  fluctuations  of  the  power  circuit  supplying  the  losses,  due  partly 
to  the  inertia  of  the  heavy  rotors.  Hence  we  have  not  termed 
this  a  **  laboratory "  test.  Nevertheless,  fairly  satisfactory 
readings  were  obtained  at  full  load  and  the  value  of  the  correc- 
tion factor  was  found  to  be  1.32. 

A  number  of  commercial  input-output  tests  were  then  ex- 
amined. Some  of  these  were  of  motors,  with  the  mechanical 
output   measured    by    Prony   brake.     Others   were   of   motor- 


A-C  MACHINE  NO.  I  A-C.  MACHINE  NO.  U 

Fig.   4 — "  Loading-Back  '*  Test  of  Alternating-Current  Machines 


generators,  where  both  input  and  output  were  measured  elec- 
trically. The  input-output  efficiency  was  in  each  case  checked 
against  the  efficiency  by  separate  losses  corrected  by  the  factor  X, 
using  values  of  this  constant  as  found  in  the  tests  just  described. 
Table  II  shows  the  results  of  this  comparison. 

Alternating-Current  Machines 

The  load  losses  of  alternating-current  generators  and  syn- 
chronous motors  may  be  conveniently  arrived  at  as  follows: 
Two  machines  made  from  the  same  specifications  (and  therefore 
of  the  same  wave  form)  are  rigidly  connected  together  and  driven 
from  a  calibrated  motor,  as  shown  in  Fig.  4.  The  rigid  connec- 
tion between  the  a-c.  machines  is  made  by  means  of  a  special 
coupling  so  arranged  that  the  position  of  the  rotating  elements 
with  respect  to  each  other  can  be  varied.  There  will  be  certain 
positions  of  the  rotors  when  the  armature  circuits  can  be  paralleled 
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without  a.  flow  of  cross  currents  between  the  machines,  in  other 
words,  when  a  condition  of  synchronism  exists.  If  now  the  two 
rotors  are  shifted  slightly  with  respect  to  each  other,  current 
will  tend  to  flow  between  the  machines,  depending  in  amount  on 
the  degree  of  angular  displacement  between  the  rotors. 

Any  desired  load,  at  practically  unity  power  factor,  can  be  ob- 
tained by  this  method.  The  power  delivered  at  the  shaft  of  the 
coupled  machines  by  the  calibrated  driving  motor  represents  their 
losses  under  load  conditions.  '* 
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By  comparing  the  separate  losses  as  computed  from  no-ioad 
measurements  with  the  losses  as  shown  in  the  tests  described 
above,  the  increased  loss  due  to  the  application  of  load  can  be 
determined. 

The  machines  selected  for  invesliKation  were  two  150-kv-a. 
2400-voIt  60-cycle  belted  generators  built  fnim  the  same  speci- 
fications. 

The  tests  were  conducted  as  described  above.  (See  also  Fig. 
4.)  Laboratory  methods  were  employed.  The  results  are  as 
shown  in  Table  III  and  Fig.  5. 
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Synchronous  Converters 

The  methods  previously  described  for  detennining  the  load 
losses  of  direct-  and  alternating-current  motors  and  generators 
are  not  well  adapted  for  synchronous  converters.  Our  exi^eri- 
ence  indicates  that  the  introduction  of  the  necessary  boosters 
in  the  armatiu'e  leads  complicates  the  situation  to  such  an  ex- 
tent that  the  results  cannot  te  relied  upon. 

For  this  class  of  machines  the  straight  input-output  method 
was  used,  with  the  following  modification.  Two  identical  syn- 
chronous converters  were  used,  one  operating  d-c.  to  a-c.  to  feed 
a  second  machine  operating  as  a  straight  converter.  The  ad- 
vantages are:  first,  the  wave  fonns  of  the  power  circuit  (the  d-c. 
to  a-c.  converter)  and  of  the  other  converter  (the  a-c.  to  d-c.  con- 


0-C.POA*^R  SO'.'RCC 


mncATiNO 

WATTMETtR 


s 


AM.. 
OCAO  LOAD 


rT: 


II        U 


INTEGRATING  W/fTTMCTER 


POWCR 
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A-C  TO  D-C.SVNCHROHOU6  CONVEKTLR  INVEf^rCO  &VNCHM3NOU9  CONVChTtfl 

Fig.  6 — Input-Output  Test  of  Synchronous  Convertebs 


verter)  are  identical;  second,  the  ove-rall  efficiency  of  the  two 
synchronous  converters  can  be  computed  by  a  comparison  of 
the  direct-current  input  with  the  direct-current  output.  This 
is  an  advantage,  for  d-c.  measuring  instruments  are  more  reliable 
and  give  steadier  readings  than  the  a-c.  instruments.  Fig.  6 
shows  the  scheme  of  connections  used  for  this  test. 

The  laboratory  tests  were  made  on  60-cycle  non-commuta- 
ting-pole  synchronous  converters.  Two  different  pairs  of  syn- 
chronous converters  were  tested  and  the  results  are  shown  in 
Tables  IV  and  V  and  in  Figs.  7,  8,  9  and  10.  At  each  load,  ten 
readings  were  taken  at  ten-sec.  intervals  and  an  average  taken  for 
each  point.  It  will  be  seen  that  the  results  in  the  two  tests  cluu'k 
very  well  together  and  go  to  show  that  the  load  loss  is  small,  up 
to  and  including  full  load.  On  the  heavy  overloads  scriouH  n\ mi  k - 
ing  atftheibrushes  occurs  and  the  load  loss  factor  increasoi  ruvAiWv  * 
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The  results  from  a  number  of  commercial  tests  of  60-cycle 
synchronous  converters  are  shown  in  Table  VI.  The  efficien- 
cies by  input-output  in  all  cases  check  very  closely  with  those 
computed  from  the  separate  losses,  using  the  correction  factor 
1.1  at  full  rated  output,  the  value  indicated  by  the  laboratory 
tests. 
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.   7 — Synchronous  Converter,   200  kw.,  625  Volts,  60  Cycles, 
Thrbe-Prase,  1200  BEv.  PER.  MiN.,  NoN-CouHUTATiNc  Pole 
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Fic.  8— Synchronous  Converter  Inverted,  200  kw,,  625    Volts, 

60  Cycles,  Thbee-Phasb,  1200  bev.  peb.  hin.,  Non-Commutating 

Pole 

No  laboratory  tests  were  made  on  25-cycle  synchronous  con- 
verters or  on  com  mutating- pole  converters  of  either  frequency. 
Results  from  a  number  of  commercial  tests  shown  in  Table  VII 
seem  to  indicate,  however,  that  if  there  is  any  load  loss  on  25- 
cycle  converters  it  is  so  small  that  it  may  be  neglected. 
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Readings  were  taken  at  different  loads  on  a  25-cyclc  commuta- 
ting-pole  machine  during  a  temperature  test  while  the  meters 
were  swinging  somewhat  due  to  variations  in  the  power  supply. 
The  results  from  these  readings  arc  plotted  in  Fig.  11,  This 
curve  further  indicated  that  load  loss  in  the  case  of  25-cycle 
converters  is  a  negligible  quantity  and  that  the  efficiency  calcu- 
lated from  the  separate  loss  without  correcting  factors  is  suf- 
ficiently accurate  tor  all  commercial  purposes. 
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Synchronous  Converter  as  D-C.  Generator 
In  addition  to  the  straight  input-output  test  as  described 
above,  a  second  test  was  made  on  the  same  synchronous  con- 
verters, operating  themasdirect-currentmachines.  (See  Fig.  12). 
The  shafts  of  the  two  converters  were  coupled  toRethcr  me- 
chanically and  the  pair  of  machines  was  operated  as  a  d-c.  to 
d-c.  motor-generator.  A  direct  comparison  of  the  performance  of 
this  type  as  a  synchronous  converter  and  as  a  d-c.  generator  was 
thus  obtained.  The  results  are  given  in  Figs.  9  and  10  and 
show  very  well  the  increase  in  load  loss  when  operating  as  direct- 
current  machines. 
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Motor-Generator  Sets 

A  number  of  motor-generator  sets  were  examined  and  the  con- 
stants determined  from  the  laboratory  tests  were  applied  to  the 
sum  of  the  no-load  core  losses  and  calculated  armature  copper 
losses  of  each  machine.  The  over-all  efiTiciency  of  the  set  from 
the  corrected  losses  was  then  calculated  and  compared  with  the 
over-all  efficiency  from  the  input-output  readings  taken  during 
commercial  tests.     The  results  arc  shown  in  Table  VIII. 

While  an  examination  of  these  results  shows  some  discrep- 
ancieSy  it  must  be  remembered  that  the  input-output  tests  are 
merely  of  the  commercial  variety  and  are  probably  as  nearly 
correct  as  average  tests  of  that  description. 


6VNCHROKOU9  CONVERTER  OPtRATINO 
AS  0-C.QENERATOR 


CONVERTER  OPERATING 
A8  D-a  MOTOR 


Pig.   12 — Input-Output    Test    of     Synxhronous    Converters 

Direct-Current  Machines 


AS 


Recommendations 

As  a  result  of  our  investigation  we  suggest  the  use  of  correc- 
tion factors  for  computing  from  the  separate  losses,  the  efficien- 
cies of  the  rotating  electric  machines  discussed  in  this  paper, 
namely — a-c.  generators,  synchronous  motors,  d-c.  generators, 
d-c.  motors,  and  synchronous  converters.  The  said  correction 
factors  to  be  applied  to  the  sum  of  the  no-load  core  loss  and  the 
armature  Pr  loss,  as  calculated  from  no-load  measurements  of 
resistance.  We  submit  the  following  values  as  being  approxi- 
mately correct  for  well -designed  apparatus  of  the  types  mentioned : 


Fractional  loads 

Value  of  constant 

2/4 

3/4    1    4/4 

5/4 

Direct-current  generator  / 

Direct-current  motor        f 

Alternating-current  generator    )  ^«^        ,    ,          ,     ^ 
e       .                    ^                          i  ♦Stranded  conductors 
Synchronous  motor                     ) 

t60-cycle  synchronous  converter 

All  25-cycle  synchronous  converters 

1.1 

1.01 

1.04 

1 

1.2 

1.03 

1.07 

1 

1.3 

1.10 

1.10 

1 

1.4 

1.2 

1.2 

1 

*  Doea  not  apply  to  machines  with  deep  strap  conductors,  in  which  the  eddy  current 
lOM  in  the  copper  may  be  largf. 

t  Non-commutating-pole  type.    Teats  on  commutating-po\e  tvv«  ^^^  comv\<X«^. 
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These  values  apply  only  to  well-designed  machines,  as  shown 
by  moderate  losses,  low  temperatures  and  satisfactory  behavior 
at  the  commutator. 

In  the  case  of  machines  having  undue  temperature  elevations 
or  those  showing  faulty  commutation,  the  load  losses  may  be  of 
considerable  magnitude  and  the  above  constants  will  not  hold 
good.  Such  machines  should  be  investigated  individually,  ac- 
cording to  the  method  described  herein,  if  the  true  efficiency  is 
to  be  determined. 


A  P^Per  prtstnttd  ot  thg  Midwinter  ConweU' 
Horn  c/  tk€  American  Institute  of  Electriecl 
Engineers,  New  York,  February  27.  1913. 

Copyriffht,  1913.    By  A.  I.  B.  E. 


LOAD  LOSSES  OF  ALTERNATING-CURRENT 

GENERATORS 


BY  W.   J.   FOSTER  AND  EDGAR   KNOWLTON 


About  twenty  years  ago  it  began  to  be  recognized  by  design- 
ers of  alternators  that  certain  losses  existed  under  load  that  were 
not  included  among  the  *'  segregated  losses  "  taken  into  consider- 
ation in  determining  the  efficiency.  It  was  natural  to  give  to  these 
losses  the  name  "  load  losses,''  since  they  are  due  to  reactions  set 
up  by  the  current  in  the  armature  under  the  conditions  of  load, 
and  cannot  be  reproduced  on  open  circuit  or  calculated  directly 
from  measured  current  and  resistance,  as  can  the  PRoi armature 
and  field.  The  current  in  the  armature  corresponding  to  that 
of  any  load  could  be  easily  established  by  simply  short-circuiting 
the  armature  terminals  and  introducing  the  proper  exciting  cur- 
rent into  the  field  winding.  Hence,  for  the  lack  of  something  more 
accurate,  it  became  customary  to  measure  the  losses  en  short 
circuit  in  the  same  manner  as  core  losses  were  determined,  and 
take  these  as  indicative  of  the  losses  that  woidd  exist  under 
actual  load.  Obviously,  the  reactions  on  short  circuit  are 
exaggerated,  hence,  it  has  been  considered  fair  to  take  a  fraction 
of  the  short-circuit  losses  as  the  load  losses.  The  present  A.  I.  E.  E. 
rule,  Section  117,  specifies  one-third  as  the  proper  amoimt. 

The  method  of  determining  the  efficiency  by  the  *'  segregated 
losses"  method  is  undoubtedly  deficient  in  at  least  two  particu- 
lars. 

1.  The  determination  of  core  losses  at  the  normal  potential 
(corrected  though  it  may  be  for  internal  resistance  and  reactance) 
can  be  considered  as  only  an  approximation  of  that  existing  un- 
der the  influence  of  armature  reaction  when  the  flux  is  distorted 
and  of  varying  density  across  the  magnetic  circuit. 
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2.  No  satisfactory  method  has  yet  been  evolved  of  measuring 
the  eddy  currents  that  may  be  produced  directly  by  the  current 
in  the  armature  under  the  load  conditions. 

However,  it  may  be  said  that  any  alternator  that  has  high 
load  losses  under  normal  load  conditions,  will  have  high  losses 
under  short  circuit.  Another  good  criterion  of  the  design  in  the 
matter  of  load  losses  is  the  static  impedance  test  with  field  re- 
moved, using  wattmeters  to  measure  the  energy  input. 

That  load  conditions  afTcct  the  hysteresis  losses,  becomes  very 
apparent  when  we  consider  the  case  of  an  unbalanced  condition 
of  load  between  the  phases  or  the  exaggerated  condition  of 
single-phase  load,  where  the  pulsating  m.m.f.  produces  a  flux  of 
double  frequency,  thereby  introducing  losses  in  parts  of  the  mag- 
netic circuit  which  arc  free  from  losses  in  the  open-circuit  con- 
dition of  uniform  flux.  That  load  conditions  have  a  tendency 
to  increase  eddy  current  losses  has  been  shown  by  the  high 
temperatures  of  many  alternators  in  actual  service,  where  the 
temperature  increments  are  greater  than  they  should  be  if  only 
what  may  be  called  legitimate  losses  existed.  In  some  cases 
temperatures  have  produced  charring  of  instdation  and  rapid 
deterioration  where  the  jieating,  due  to  the  Pr  alone,  should  be 
conservative,  and  where  the  determination  of  segregated  losses, 
and  possibly  heat  runs  on  open  circuit  under  what  was  taken  to 
be  equivalent  heating,  gave  no  indication  of  trouble  from  ex- 
cessive temperatures. 

Load  losses  may  be  defined  as  all  losses  due  to  the  presence 
of  current  in  the  armature  windings  in  excess  of  the  following: 

Open-circuit  core  loss  at  rated  -{-Ir  potential. 

P  r  of  armature  and  field  due  to  the  actual  resistance  of  the 
circuits. 

The  load  losses  may  be  regarded  as  made  up  of  two  compo- 
nents; the  necessary  or  legitimate,  and  the  illegitimate.  The 
first  of  these  is  small  and  hardly  worth  considering  in  its  effect 
on  the  efficiency.  The  second  may  be  so  large  as  to  materially 
lower  the  efficiency  and  seriously  impair  the  life  of  the  machine. 
On  the  other  hand,  the  second  component  may  be  appreciable, 
and  one  to  be  reckoned  with  in  determining  the  efficiency,  and  yet 
be  desirable  to  introduce  into  the  design.  For  instance,  a  solid 
is  often  preferable  to  a  scctionalized  conductor,  since  the  addi- 
tional eddy  current  loss  may  be  compensated  for  by  greater  net 
cross-section.  Even  though  this  compensation  be  partial,  no 
greater  heating  may  result,  due  to  the  better  transfer  of  heat  to 
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the  surface,  and  the  use  of  the  solid  conductor  is  justified  by  the 
cheaper  construction,  greater  mechanical  strength  and  ease  ol 
repairs. 

Determination  of  Load  Losses 

In  a  well-designed  machine  the  magnitude  of  the  load  losses 
is  so  small  compared  with  the  capacity  that  it  is  impracticable  to 
determine  it  by  direct  measurement  of  input.  This  has  been 
shown  by  numerous  trials. 

A  method  has  been  proposed  for  machines  of  the  enclosed 
type  where  the  greater  part  of  the  losses  are  removed  by  the 
air  passing  through  the  machine.  This  consists  in  measuring 
the  volume  and  temperature  rise  of  the  air  and  estimating  the 
losses  from  the  specific  heat  of  the  air.  In  this  method  there 
are  the  following  sources  of  error.  The  percentages  of  error 
given  apply  to  the  ordinary  commercial  test: 

Transfer  of  heat  to  the  room  through  the  frame  (amount  unknown). 

Difference  in  the  specific  heat  of  air  due  to  the  presence  of  moisture 
(inappreciable). 

Measurement  of  the  volume  of  air  (at  least  5  per  cent  error). 

Determining  the  average  temperature  of  the  ingoing  and  outgoing 
air  (at  least  5  per  cent  error). 

With  these  errors  it  is  evident  that  load  losses  of  considerable 
magnitude  would  remain  undiscovered. 

A  modification  which  eliminates  most  of  the  errors  is  to  run 
the  machine  at  some  no-load  condition  in  which  the  losses  can 
be  easily  determined;  also  run  the  machine  under  load.  The 
difference  in  the  temperature  rises  of  the  air  under  the  two 
conditions  represents  a  certain  loss  which  can  be  calculated 
from  the  no-load  results.  The  load  losses  may  then  easily  be 
estimated.  By  making  such  a  test  carefully,  any  abnormal  load 
losses  should  be  detected.  The  authors,  however,  have  had  no 
opportunity  to  make  a  trial  of  this  method. 

To  obtain  more  satisfactory  results  there  has  been  devised  a 
number  of  other  methods  based  on  the  following  plan : 

The  alternator  is  run  in  such  a  manner  that  all  magnetic  and 
current  densities  and  all  reactions  shall  be  the  same  as  under  load 
and  the  energy  measured  be  only  that  due  to  the  losses.  The 
excess  of  the  losses  thus  determined  over  that  obtained  by  the 
usual  segregated  loss  method  will  represent  the  true  load  losses. 
Several  tests  of  this  nature  have  been  made  with  more  than  usual 
care,  for  the  purposes  of  this  paper.  A  general  description  of  the 
tests  follows  and  a  comparison  of  the  results  is  given  in  Table  III. 
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Segregated  Loss  Method 

The  A.  I.  E.  E.  method  of  determining  the  total  losses  con- 
sists in  obtaining  the  various  losses  under  partial  load  conditions 
and  taking  their  sum  as  the  total  loss,  making  certain  allow- 
ances for  the  load  losses.  The  following  A.  I.  E.  E.  rules  relate 
to  the  losses: 

102  Bearing  Friction  and  Windage.  The  magnitude  of  bearing 
friction  and  windage  (which  may  be  considered  as  independent  of 
the  load)  is  conveniently  measured  by  driving  the  machine  from  an 
independent  motor,  the  output  of  which  may  be  suitably  determined. 

106  Core  Losses.  In  machines  these  losses  should  be  determined 
on  open  circuit  and  at  a  voltage  equal  to  the  rated  voltage  -f  Ir  in 
a  generator,  and  — /r  in  a  motor,  where  /  denotes  the  current  strength 
and  r  denotes  the  internal  resistance  of  the  machine.  They  should 
be  measured  at  the  correct  speed  and  voltage,  since  they  do  not 
usually  vary  in  any  definite  proportion  to  the  speed  or  to  the  voltage. 

107  Note.  The  total  losses  in  bearing  friction  and  windage,  brush 
friction,  magnetic  friction  and  eddy  currents  can,  in  general,  be  de- 
termined by  a  single  measurement  by  driving  the  machine  with  the 
field  exciteci,  either  as  a  motor,  or  by  means  of  an  independent  motor. 

108  Retardation  Method.  The  no-load  iron,  friction,  and  windage 
losses  may  be  segregated  by  the  Retardation  Method,  in  which  the 
generator  should  be  brought  up  to  full  speed  (or,  if  possible,  to  about 
10  per  cent  above  full  speed)  as  a  motor,  and,  after  cutting  off  the 
drivmg  power  and  excitation,  frequent  readings  should  be  taken  of 
speed  and  time,  as  the  machine  slows  down,  from  which  a  speed- 
time  curve  can  be  plotted.  A  second  curve  should  be  taken  in  the 
same  manner,  but  with  full  field  excitation;  from  the  second  curve 
the  iron  losses  may  be  found  by  subtracting  the  losses  found  in  the 
first    curve. 

109  The*  speed-time  curves  can  be  plotted  automatically  by  belting 
a  small  separately  excited  generator  (say  1/10  kw.)  to  the  generator 
shaft  and  connecting  it  to  a  recording  voltmeter.  When  the  retard- 
ation method  is  not  feasible,  the  frictional  losses  in  bearings  and  in 
windage,  which  ought,  by  definition,  to  be  included  in  determining 
the  efficiency,  may  be  excluded;  but  this  should  be  expressly  stated. 

110  Armature-Resistance  Loss.  This  loss  may  be  expressed  by 
p  Pr:  where  r  resistance  of  one  armature  circuit  or  branch,  /  =  the 
current  in  each  armature  circuit  or  branch,  and  p  =  the  number 
of  armature  circuits  or  branches. 

114  Load  Losses.  The  load  losses  may  be  considered  as  the  difference 
between  the  total  losses  under  load  and  the  sum  of  the  losses  above 
specified. 

116  Estimation  of  Load  Losses.  While  the  load  losses  cannot  well 
be  determined  individually,  they  may  be  considerable  and,  therefore, 
their  joint  influence  should  be  determined  by  observation.  This  can 
be  done  by  operating  the  machine  on  short  circuit  and  at  full  load 
current,  that  is,  by  determining  what  may  be  called  the  "  short- 
circuit  core  loss."  With  the  low  field  intensity  and  great  lag  of 
current  existing  in  this  case,  the  load  losses  are  usually  greatly  ex- 
aggerated. 

117  One-third  of  the  short-circuit  core  loss  may,  as  an  approximation, 
and  in  the  absence  of  more  accurate  information,  be  assumed  as  the 
load  loss. 
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In  order  to  have  a  comparison  of  the  value  of  the  short-circuit 
core  loss  and  the  other  armature  losses,  there  have  been  prepared 
Tables  I  and  II  on  25-  and  60-cycle  generators,  respectively. 
The  accuracy  of  the  individual  determinations  may  be  questioned, 
but  they  are  given,  as  it  is  probable  that  the  average  of  all  the 
values  is  approximately  correct.     The  data  on  horizontal  lines 

TABLE   I. 
OPEN-CIRCUIT.  SHORT-CIRCUIT.  AND  /V    LOSSES   OF   25-CYCLE    ALTER- 
NATING-CURRENT TWO-  AND  THREE-PHASE  GENERATORS. 


1 

2 

3 

4 

5 

6 

7 

Losses  i 

n  per  cent  of  kv-a. 

Core  loss 

Kv-a. 

Volts 

7»r 

Total 

Open 

Short 

lof 

arm. 

3+6  +  6 

cir. 

cir. 

s.c. 

1 

270 

2300 

1.74 

0.00 

0.00 

2.08 

3.82 

2 

360 

2300 

3.17 

0.29 

0.1 

0.90 

4.17 

3 

937 

2300 

0.95 

0.24 

0  08 

0  95 

1.98 

4 

937 

3300 

1.47 

0.71 

0.24 

1.04 

2.75 

5 

937 

6600 

1.05 

0.60 

0.20 

0.94 

2.19 

6 

1111 

220 

2.07 

1.46 

0.49 

0.68 

3.22 

7 

360 

13200 

2.39 

0.88 

0.29 

1.16 

3.84 

8 

1667 

2300 

1.88 

0.80 

0.27 

0.70 

2.85 

9 

1667 

6600 

1.07 

0.49 

0.16 

0.50 

1.73 

10 

2222 

2300 

1.21 

0.79 

0  26 

0.83 

2.30 

11 

2342 

480 

1.40 

1.00 

0  33 

0.80 

2.53 

12 

430 

480 

1.66 

0.71 

0.24 

1.67 

3.50 

13 

420 

240 

2.05 

1.01 

0.34 

3.08 

5.47 

14 

1270 

9000 

1.33 

0.54 

0.18 

0.82 

2.33 

15 

840 

480 

1.58 

0.59 

0.20 

1.70 

3.48 

16 

720 

480 

1.64 

0.81 

0  27 

2  09 

4.00 

17 

1800 

2300 

2.11 

0.29 

0.1 

1.24 

3.45 

18 

9000 

6600 

1.00 

0.28 

0.09 

0.44 

1.53 

Average 

1616 

3416 

1.65 

0.64 

0.21 

1.2 

3.06 

No.  of  machines  above  the  average  short-circuit  core  loss.  9. 
No.  of  machines  below  the  average  short-circuit  core  loss.  9. 


3,  4,  5,  6,  8,  9,  10,  and  11  in  Table  I,  and  2,  3,  4,  5,  6,  7,  8,  9,  11, 
14,  15,  16,  19,  20,  29,  33,  36,  39,  40,  42  and  43  in  Table  II,  are 
on  steam  turbo-generators  and  the  core  losses  were  taken  by  the 
retardation  method  with  turbine  wheels  assembled;  consequently 
the  results  are  not  especially  accurate.  The  core  losses  on  the 
other  machines  were  taken  by  driving  with  a  direct-current 
motor  and  are  more  reliable. 
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Opm 
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tot 
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+  6 

at. 

1 

3IH 

2300 

1.41 

0  52 

0.17 

1.18            2 

TB 

2 

ez5 

2300 

1.5S 

0  71 

0  24 

93 

1  38 

1  OS 

0  38            2 

22 

800 

096 

0  32 

066            2 

937 

1  45 

1.18 

0  06 

28 

2300 

1  37 

1.10            2 

S6 

2300 

090 

0  TO 

0  92            i 

i:>83 

1.31 

083 

0  28 

2300 

0  2S 

0  51            2 

10 

4ao 

600 

1  06 

0  35 

2000 

2300 

1.04 

0  29 

76 

2300 

I.4S 

1  06            2 

68 

793 

2300 

0.24 

0  SS            2 

2.iOO 

1  30 

0  as 

0  OH 

78 

0  41            2 

37 

6600 

0  03 

0.33            2 

600 

600 

l.9« 

0  M 

0  17 

2  63 

1.34            4 

:ilM 

2300 

0.99 

0  33 

0.40            2 

36 

20 

312S 

2300 

1  60 

0.34 

0  11 

12 

21 

1.9B 

004 

1.18            3 

38 

11000 

0.26 

0  1)9 

1  es        4 

23 

37U 

1.4B 

0  22 

08 

24 

BOO 

2  87 

0  94            4 

19 

GUO 

11000 

0  08 

1    47              4 

28 

540 

2,28 

o.ea 

0  32 

87 

2T 

2300 

1. 61 

1  32 

0  54            S 

59 

720 

600 

0  25 

0  08 

28 

6250 

0,96 

0  43 

0  14 

41 

30 

11000 

I.Sl 

1  00            2 

7S 

0  BS            3 

32 

1440 

1  83 

1  25 

0  42 

98 

33 

1  oa 

0.31             ] 

S4 

2300 

0.49 

0  16 

1.34            3 

35 

HI)IH 

0  SI 

61 

4riOO 

1  00 

004 

0  30            1 

34 

2300 

0,47 

0  16 

0  75            2 

1JIKK1 

I.IH 

0.24 

0  08 

3U 

0.31             ] 

20 

OOno 

0  TO 

0  03 

l.'/KHI 

0.70 

0.48 

0.16 

0  36            1 

0.05 

0.25            1 

21 

*3 

I.VHM) 

11431 

0.11 

0.20            1 

M 

m<o 

1.28 

0  S.'. 

O'JOIl 

1  fiH 

0  40        a 

22 

46 

0600 

0  !>U 

0  07 

«7 

mM 

vm 

1.S9 

0  53            2 

56 

AveinBe^ 

4I1L 

m-<, 

J  W 

0  S9 

0  10 

0  72            2 

49 

Numbtr 

o[  michinci  a 

!jov«  the  avCTji 

BC  ihorl- 

■.rcuitwr. 

lou.  18. 

//umber  o/muhjnc*  below  th«  kvcraie  ihint-drcult  cote  lou.  29. 
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A  description  of  Tables  I  and  II  follows: 
Column   1.  Kv-a.  rating.     This  is   on   the    "  continuous  ''   or 

**  single  rating  "  basis,  which  is  being  considered 
in  the  present  revision  of  rules. 
"      2.  Potential. 
"      3.  Open-circuit  core  loss  at  rated  +  Ir  volts  (in  per 

cent  of  kv-a.  rating). 
"       4.  Short-circuit  core  loss  at  rated  current  (in  per  cent  of 

kv-a.   rating. 
"       5.  One-third  of  the  values  in  column  4. 
"       6.  Calculated  Pr  loss  of  armatttre  at  rated  current  in 

per  cent  of  the  kv-a.  rating. 
"       7.  Total  of  columns  3,  5,  and  6. 
In  addition  to  the  data  given  in  Tables  I  and  II  there  were  a 
few  accurate  tests  made,  the  results  of  which  are  included  in 
Table  III. 

Modified  Segregated  Loss  Method 

This  method  differs  from  the  segregated  loss  method  in  that 
the  reactive  drop  of  the  armature  current  is  taken  into  account. 
The  core  loss  is  taken  at  a  voltage  corresponding  to  rated  volts 
plus  /  R  drop  plus  /  X  drop.  The  /  X  drop  is  determined  as 
follows: 

Let  A    =  Ampere- turns  field  to  pass  full-load  current  through 

the  armature  when  it  is  short-circuited. 
R    =  ampere-turns  of  armature  reaction. 
<f>     =  angle  of  lag  between  volts  and  current. 
X    =  I X  drop  which  is  the  volts  from  the  no-load  satura- 
tion curve  corresponding  to  A—R. 
V    =  rated  volts. 
Vm  =  volts  at  which  the  core  loss  is  taken. 

Vm  =  Vv^  +  X^  +  2~VXsm(l> 
See  Table  III  for  results  of  tests. 

Phase  Characteristic  Method 

This  method  of  testing  consists  in  running  an  alternating-cur- 
rent generator  as  a  synchronous  motor  without  mechanical 
load  at  rated  voltage  and  current.  The  energy  input  is  taken  for 
the  above  conditions  of  voltage  and  current  with  field  under-  and 
over-excited.  From  the  av^crage  of  these  two  quantities  there  is 
subtracted  the  P  r  of  the  armature  winding  and  the  energy  input 
at  imity  power  factor  and  rated  voltage. 

See  Table  III  for  results  of  tests. 
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Circulating  Energy  Method 

'  This  test  consists  in  coupling  two  alternators  mechanically 
and  electrically,  and  belting  a  direct-cturent  motor  to  the  com- 
bination to  supply  the  losses.  The  angle  of  the  two  rotors  is 
shifted  by  means  of  slots  in  the  coupling  so  that  rated  current 
will  flow  with  rated  volts  at  unity  power  factor. 

The  losses  of  the  two  machines  are  determined  by  the  input 
from  the  driving  motor. 

See  Table  III  for  the  results  of  tests. 


TABLE  III. 

RESULTS  OF   CAREFUL   TESTS   BY    SEVERAL   DIFFERENT   METHODS  OF 

DETERMINING  LOAD  LOSSES.    60-CYCLE  ALTERNATORS. 


12               3                 4                 5                 6                  7 

Phase         kv-a.       Rev.  per 

min. 

Losses  in  x>er  cent  kv-a. 

Seg. 

Mod. 
seg. 

Phase 
char. 

Circ. 
energy 

1 
2 
3 
4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 
15 
16 

3              860            720 
Excess  loss 
\  short  circ.  core  loss 
Total  load  losses 

1               600            720 
Excess  loss 
1  short  circ.  core  loss 
Total  load  losses 

3               300            600 
Excess  loss 
\  short  circ.  core  loss 
Total  load  losses 

3               110            900 
Excess  loss 

\  short  cir.  core  loss  ncgligibl 
Total  load  losses 

0.151 
0.151 

1.300 
1.300 

0.099 
0.099 

e 

0.035 
0.151 
0.186 

0.025 
1.300 
1.325 

0.063 
0.099 
0.162 

0.055 
0.055 

0.302 
0.150 

0.49 
3.82 
0.29 
0.359 

u 


u 


ii 


Description  of  Table  III 

Column    1.  Number  of  phases. 

2.  Capacity  in  kv-a. 

3.  Revolutions  per  minute. 

4.  Losses  in  per  cent  of  kv-a.  by  the  segregated  method. 
Note  that  all  losses  are  in  actual  per  cent.     For 

instance  the  loss  for  line  3  in  this  column  is  1.3  kw. 

5.  Ix)sses  by  modified  segregated  method. 

6.  Losses  by  phase  characteristic  method. 

7.  Losses  by  the  circulating  energy  method. 
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1.  Rating  of  the  alternator. 

2.  Excess  core  losses.     The  open-circuit  core  loss  at 

(rated  + /r+ /»:,  potential)  —  the   open-circuit 
core  loss  at  (rated  +  I  r,  potential), 

3.  One-third  of  short-circuit  core  loss. 

4.  Total  load  losses  as  determined   by   the   various 

methods. 


-:Ee:eee-?eezeze 

■:"z-:iiTi:f: 

:i:ii:iii::^^::: 

h.                                    / 

M -^ 

Thr««-pliue,  3(».1[V' 


Lines  5  to  8  indusive;  These  give  the  same  relative  data 
as  lines  1  to  4  inclusive;  the  difference  being  that  lines 
1  to  4  refer  to  three-phase,  and  5  to  8  to  single-phase  opera- 
tions of  the  same  generator. 

Lines  9  to  12  inclusive:  These  give  the  same  relative  data  on 
a  300-kv-a.  alternator  as  lines  1  to  4  inclusive. 

Lines  13  to  16  inclusive:  These  give  the  same  relative  data  on 
a  UO-kv-a,  alternator  as  lines  1  to  4  inclusive. 

As  a  matter  of  interest  there  have  been  included  Figs.  1  to  1 1 
inclusive,  which  relate  to  the  characteristics  of  the  machine  tested. 
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Tests  have  recently  been  made  on  two  60-cycle,  300-kv-a. 
3600-rev.  per  min.,  2300-volt  steam-turbine-driven  generators. 
These  machines  have  laminated  cylindrical  rotors,  wound  with 
six  coils  per  pole.  The  air  gap  is  0.3125  in.  (8  mm.),  the  arm- 
ature slots  are  0.58  in.  (14.7  mm.)  and  the  field  slots  0.50  in. 
(12.7  mm.)  wide. 

The  losses  were  determined  by  the  circulating  energy  method. 
An  average  of  several  careful  tests  gave: 

Watts  Per  cent   of 

kv-a.  Rating 


Load  Loss  3450  1.15 

Short-Circuit  Core  Loss  2500  0.^3 

In  estimating  the  load  loss  the  core  loss  was  taken  at  rated 
+  Ir  volts,  according  to  present  A.  I.  E.  E.  Rule  106,  on  page 
506  of  this  paper. 

In  this  case  the  load  loss  is  38  per  cent  greater  than  the  short- 
circuit  core  loss. 

Summary 

The  circulating  energy  method  is  a  form  of  input-output 
test  which  eliminates  the  errors  due  to  the  measurement  of 
energy  equal  to  the  capacity  of  the  machine .  When  two  duplicate 
machines  are  available,  the  authors  consider  it  the  best  of  the 
four  methods. 

The  phase  characteristic  method  is  faulty,  due  to  the  difficulty 
of  obtaining  accurate  wattmeter  readings  at  the  low  power  factors. 

The  total  short-circuit  core  loss  agrees  closely  with  the  load  loss 
by  the  circulating  energy  method  for  the  860-kv-a.  and  the  300- 
kv-a.  three-phase  generators.  It  is  to  be  regretted  that  careful 
short-circuit  core  loss  and  circulating  energy  tests  could  not  be 
made  on  several  polyphase  machines  having  a  large  short-circuit 
core  loss,  such  as  those  on  lines  6  and  11,  Table  I;  and  lines  3,  5, 
and  27,  Tabic  II.  A  single-phase  short-circuit  core  loss  taken  on 
the  860-kv-a.  three-phase  generator  mentioned  above,  showed 
unexpectedly  high  values.  This  led  to  the  taking  of  a  careful 
circulating  energy  test  with  a  single-phase  load.  The  close 
agreement  of  the  two  is  shown  in  Fig.  11. 

The  small  number  of  careful  tests  which  it  was  possible  to 
make  for  this  paper  does  not  warrant  any  recommendation  for  the 
determination  of  load  losses  when  but  one  machine  is  available. 
Investigations  should  continue  until  a  rule  can  be  established  to 
cover  such  cases. 


A  pmP€r  pr€t*nUd  «l  Uu  Midwinttr  Comun' 
Horn  of  tk€  American  InstituU  of  Electrical 
Bntinurt,  New  York,  Penary  27.  1913. 

Copyright.  1913.     By  A.  I.  E.  E. 


NOTES    ON    STRAY    LOSSES    IN    SYNCHRONOUS 

MACHINES 


BY  F.  K.  BRAINARD 


Since  the  Institute  rule  of  determining  '*  load  loss,"  which  may 
more  properly  be  called  stray  loss,  seems  in  error,  an  analysis  of 
short-circuit  tests  of  synchronous  machines  was  made  with  the 
idea  of  determining,  if  possible,  the  nature  of  this  loss  and  so  the 
probable  relationship  between  stray  loss  with  actual  load  on  the 
machine,  and  the  measured  loss  on  short-circuit  which  cannot 
be  accoimted  for  by  armature  PR. 

These  losses  are  probably  due  almost  entirely  to  the  following 
causes: 

a.  Eddy  current  loss  in  the  armature  conductors,  or  rather 
extra  loss  due  to  the  unequal  distribution  of  current  in  the  con- 
ductor. See  Eddy  Currents  in  Large  Slot-Wound  Conductors ^ 
A.  B.  Field,  Transactions  A.  I.  E.  E.,  1905,  XXIV,  p.  761. 

b.  Eddy  current  and  hysteresis  loss  due  to  flux  from  the 
armature  coils  getting  into  parts  of  the  machine  not  intended  to 
carry  magnetic  flux,  such  as  coil  supports,  end  shields,  etc. 

c.  Extra  eddy  current  and  hysteresis  loss  due  to  the  change 
in  distribution  of  flux  in  the  magnetic  circuit. 

The  eddy  current  factor  for  each  machine  was  computed  ac- 
cording to  Field  and  the  tests  were  plotted  upon  logarithmic  paper 
to  determine  the  law  of  variation  of  short-circuit  loss  with  arma- 
ture   current. 

In  the  case  of  slow  or  moderate-speed  machines  it  was  found 
that  the  loss  varied  practically  as  the  square  of  the  armature 
current  and  that  the  stray  loss  unaccounted  for  by  cause  (a) 
mentioned  above  was  small  and  usually  negligible.  The  loss 
due  to  cause  (b)  will  be  small  in  this  case  on  account  of  the 
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relatively  short  ends  of  the  coils.  Hence  it  would  appear  that 
the  stray  loss  due  to  cause  (c)  in  low-speed  machines  is  negligible 
or  can  practically  be  eliminated  by  proper  construction  of  arma- 
ture cores. 

In  the  case  of  high-six)ed  turbo-alternators  the  loss  unac- 
counted for  by  eddy  currents  in  the  conductors  is  large,  and  short- 
circuit  tests  made  with  and  without  end  shields  indicate  that 
cause  (b)  previously  mentioned  is  mainly  responsible.  In  one 
case  removal  of  the  end  shields  reduced  the  loss  on  short-circuit 
28  per  cent.  Hence  it  would  seem  that  even  in  this  case  there 
is  very  little  stray  loss  in  the  core  of  a  well-built  machine. 

For  any  synchronous  machine  the  loss  due  to  the  "  Field 
effect  *'  is  probably  practically  the  same  on  load  as  on  short- 
circuit  for  the  same  armattire  current.  The  same  undoubtedly 
applies  to  the  loss  due  to  flux  from  the  armature  coils  getting  into 
the  unlaminated  parts  of  the  machine.  However,  the  loss  due 
to  change  in  distribution  of  the  magnetic  flux  is  probably  con- 
siderably greater  on  short-circuit  than  with  the  same  armature 
current  at  full  voltage;  but  since  this  part  of  the  stray  loss  can 
probably  be  reduced  to  a  negligible  amoimt  by  proper  design  and 
workmanship,  it  would  seem  that  the  Institute  rule  should  be 
modified  to  make  stray  loss  equal  to,  say,  one  half  of  the  differ- 
ence between  the  measured  short-circuit  loss  and  the  calculated 
PR  loss,  instead  of  one  third  of  this  difference  as  at  present. 

Then  the  total  losses  in  any  synchronous  machine  would  be 
determined  as  follows: 

1.  Core  loss,  windage  and  friction,  determined  by  driving  the 
machine  with  a  separate  motor  at  normal  speed  and  normal 
voltage  with  the  armature  open-circuited.  Tliis  to  be  assumed 
constant  at  all  loads. 

2.  Armature  resistance  loss  and  stray  loss,  determined  by 
driving  the  machine  at  normal  speed  with  the  armature  short- 
circuited  and  with  sufficient  excitation  to  cause  full-load  armature 
current  to  flow.  Of  course  the  power  required  to  drive  the 
machine  imexcited  should  be  deducted  so  as  not  to  include  wind- 
age and  friction  twice. 

3.  Field  excitation  loss  to  be  calculated  from  the  field  resis- 
tance hot,  the  amperes  excitation  being  determined  from  the 
regulation  ciurves. 

It  has  been  suggested  that  in  the  case  of  turbo-alternators  there 
is  an  additional  loss  under  load  which  does  not  appear  on  either 
open-circuit  or  short-circuit,  due  to  the  increased  leakage  flux 
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from  the  field  resulting  from  the  greater  exciting  current.  How- 
ever, no  attempt  has  been  made,  to  the  writer's  knowledge,  to 
measure  this  loss,  but  the  probable  existence  of  it  shotdd  serve 
as  an  additional  argument  for  taking  more  than  one  third  of  the 
"  short-circuit  core  loss  **  as  stray  loss. 

The  following  table  gives  the  results  of  a  number  of  short- 
circuit  tests  on  various  machines.  The  column  headed  **  n*' 
is  the  exponent  in  the  equation  kw.  =  0/"  obtained  by  plotting 
upon  logarithmic  paper,  where  kw.  =  total  loss  on  short-pircuit, 
/  =  armature  current  and  a  and  n  are  constants. 


• 

Rating  of  generator 

Calculated 

Measured 

armature 

short -cir' 

copi>cr*loss 
at  full 

cuit  loss 
with 

n 

Short- 
circuit  loss 

Eddy 
current 

Rev. 

Kv-a. 

Volu 

Phases 

Cycles 

per 
znin. 

load 

full  load 
current 

Calc.  I*R 

constant 

2100 

2300 

3 

25 

107 

22.4 

25.7 

2.16 

1.15 

1.29 

1000 

2300 

3 

25 

94 

17 

19 

1.86 

1.12 

1.12 

250 

1100 

2 

60 

120 

5.8 

5.7 

2.15 

0.98 

1.00 

250 

480 

3 

60 

120 

8.2 

8.2 

1.95 

1 

1.03 

375 

600 

3 

60 

120 

g.9 

10.5 

2.07 

1.06 

1.00 

600 

240 

3 

25 

125 

8.1 

11.7 

2 

1.44 

1.30 

600 

2300 

3 

60 

150 

7  6 

9.2 

2.07 

1.21 

1.19 

300 

4150 

3 

60 

600 

3.1 

4.2 

1.61 

1.35 

1.00 

300 

4150 

3 

60 

600 

3.1 

3.1 

1.95 

1 

1.00 

400 

1 

7500 

3 

30 

150 

9.9 

9.5 

1.99 

0.96 

1.00 

*  The  calculated  copper  loss  is  based  upon  50  deg.  cent,  coil  temperature.  As  the  tem- 
perature of  the  stator  coils  was  not  read  during  the  short-circuit  tests,  a  part  of  the  lack  of 
agreement  between  the  calculated  and  measured  short-circuit  loss  is  undoubtedly  due  to 
thia. 
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STRAY  LOSS  IN    DIRECT-CURRENT    COMMUTATING 

MACHINES 


BY  H.  F.  T.  ERBEN  AND  H.  S.  PAGE 


During  the  past  two  years  there  has  been  considerable  discus- 
sion on  the  subject  of  load  loss  and  many  misunderstandings 
have  arisen  as  to  its  nature  and  magnitude.  To  one  not  familiar 
'With  the  accepted  definition  of  the  term,  load  loss  might  imply 
^11  of  the  losses  occurring  in  a  machine  other  than  the  no-load 
losses.  In  order  to  designate  more  clearly  the  subject  imder 
discussion  the  term  defined  in  Section  114  of  the  Standardiza- 
tion Rules  of  the  A.  I.  E.  E.  will  be  referred  to  in  this  paper  as 
**  stray  loss  '*  instead  of  *'  load  loss.^ 

In  direct-current  commutating  machines,  stray  loss  may  be 
^vided  into  two  elements:  first,  "  commutation  loss,"  con- 
sisting of  such  losses  as  arise  from  the  improper  reversal  of  current 
in  the  coils  undergoing  commutation,  and  second,  *'  loss  due 
to  flux  distortion,**  resulting  from  the  action  of  armature  flux 
on  main  field  flux. 

Perfect  commutation  demands  that  the  current  in  the  coils  be 
reversed  in  such  a  manner  that  it  falls  from  a  positive  maximum 
to  zero,  and  continuing,  risesto  a  negative  maximum  uniformly  as 
successive  segments  pass  tmder  the  brush,  and  the  magnitude 
of  commutation  loss  depends  upon  the  extent  of  divergence  from 
this  ideal  condition.  This  latter  condition  is  only  obtained  in 
cases  where  the  coils  undergoing  commutation  are  passing 
through  such  a  flux  that  an  e.m.f .  is  generated  in  them  whose  in- 
stantaneous values  are  always  equal  to  and  opposite  in  direction 
to  their  own  self-induction.  Such  a  condition  is  most  closely 
obtained  in  the  modem  commutating-pole  machines  and  in  con- 
sequence the  so-called  commutation  loss  can  be  neglected.     In 
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machines  of  the  non-commutating  pole  type,  where  it  is  most 
difficult  to  obtain  the  correct  commutating  flux,  it  is  obvious 
that  commutation  loss  may  be  of  considerable  magnitude,  as 
frequently  the  current  is  not  properly  reversed  during  commuta- 
tion. Even  if  the  correct  commutating  flux  is  obtained  for  a 
a  given  load  on  such  a  machine  it  does  not  vary  in  such  propor- 
tion to  the  current  as  to  be  correct  for  other  loads.  Non-com- 
mutating  pole  machines  will,  therefore,  have  one  element  of  the 
stray  loss  which  is  at  a  maximum  at  some  fixed  load  but  which 
will  increase  very  rapidly  at  different  loads. 

A  fair  example  of  flux  distortion  is  shown  in  Fig.  1.  The  sym- 
metrical curve  shown  in  solid  line  represents  the  flux  distribution 
at  no-load  as  obtained  by  the  oscillograph.  The  corresponding 
broken  line  curve  shows  flux  distribution  at  full  load.  It  will  be 
seen  readily  that  with  the  iron  worked  through  an  entirely  dif- 


0^ 


Fig.  1  Fig.  2 

ferent  cycle  at  full-load  than  at  no-load  the  hysteresis  and  eddy 
current  losses  will  be  altered.  The  maximum  flux  density  in  the 
teeth  at  no-load  represented  by  0  ^  is  raised  30  per  cent  to  40 
per  cent  as  represented  by  0  B,  thereby  increasing  the  hysteresis 
loss  and  causing  additional  leakage  through  the  slots  with  a  re- 
sultant increase  in  eddy  current  loss  in  the  copper. 

In  order  to  make  efficiency  tests  taking  stray  losses  into 
account  it  is  necessary  to  load  the  machine  to  its  full  capacity, 
carefullyobservingeither  the  input  and  output,  or,  if  two  duplicate 
machines  are  at  hand,  the  total  losses  may  be  observed  directly 
by  the  following  method.  In  Fig.  2  the  machines  under  test  have 
the  fields  separately  excited.  At  zero  load  no  power  is  supplied 
from  B,  and  M  siipplies  power  for  all  the  losses  excei)t  excitation. 
As  load  is  applied,  B  furnishes  power  to  circulate  the  armature 
current,  the  counter  e.m.f.  of  machines  A-A  being  kept  alike,  and 
M  supplies  additional  power  to  compensate  for  the  stray  loss, 
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thus  allowing  both  machines  to  be  fully  loaded.  Instruments 
indicating  the  losses  are  entirely  independent  of  those  measuring 
the  load,  consequently  losses  can  be  observed  with  a  minimum 
error. 

This  paper  will  present  data  showing  the  magnitude  of  stray 
loss  occurring  in  various  types  of  '*  direct-current  machines  " 
and  *'  synchronous  converters/*  and  from  these  data  it  will 
probably  be  possible  to  derive  approximately  correct  formulas 
for  general  use  in  determining  this  loss.  From  facts  later  pre- 
sented it  will  be  seen  that  the  actual  value  is  such  that  quite  an 
error  in  its  estimation  is  permissible. 

Input-output  tests  for  efficiency  are  very  expensive  and  fre- 
quently give  inconsistent  results.  Errors  of  observation  di- 
rectly affect  the  determination  of  efficiency  by  this  method,  and 
as  an  example  of  the  possibilities  of  error  the  following  table 
is  given,  showing  results  on  37  motors  tested  by  the  brake 
method. 


.p.  output      H.p.  stray  loss 

H.p.  output 

H.p.  stray  loss 

2.01 

+ 

0.0080 

20.5 

— 

0.0615 

2.03 

— 

0.0264 

20.5 

— 

0.1025 

3.1 

— 

0.0403 

2.00 

+ 

0.084 

3.1 

+ 

0.034 

1.99 

+ 

0.0139 

2.99 

+ 

0.0508 

3.05 

+ 

0.0061 

3.00 

— 

0.117 

2.95 

— 

0.0678 

4.97 

+ 

0.0249 

4.92 

— 

0.0541 

4.93 

+ 

0.045 

4.84 

— 

0.0921 

4.94 

+ 

0.1475 

7.67 

+ 

0.0077 

4.95 

+ 

0.0638 

7.4 

— 

0.126 

7.7 

— 

0.0231 

10.06 

— 

0.040 

7.72 

— 

0.0077 

9.82 

— 

0.167 

7.4 

+ 

0.0074 

14.96 

— 

0.06 

7.4 

+ 

0.0444 

15.12 

+ 

0.0605 

10.08 

+ 

0.0201 

20.05 

+ 

0.0802 

10.23 

+ 

0.113 
0.279 
0.192 

9.62 
9.62 

Total  311.75 

3.6689 

Total  + 

14.9 

+ 

0.313 

1.8047 

Total  — 

15 

— 

0.166 

15.15 

+ 

0.273 

1.8642 

Net  total  + 

15.07 

— 

0.181 

-0.6% 

The  resultant  efficiencies  were  compared  with  efl&ciency 
figures  obtained  by  the  segregated  loss  method  and  the  differ- 
ence in  each  case  considered  as  stray  loss.  The  instruments 
were  calibrated  just  before  tests  were  made  and  all  observations 
carefully  checked.  Many  of  the  stray  loss  values  appear  as 
negative,  and  in  spite  of  the  care  taken  to  have  correct  observa- 
tions made,  the  results  indicate  a  probable  error  greater  than  the 
stray  loss  itself.     In  these  thirty-seven  motors,  ranging  in  capac- 
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ity  from  2  h.p.  to  20  h.p.,  the  total  net  stray  loss  shown  was 
1.86  h.p.  for  a  total  capacity  of  312  h.p.,  giving  a  stray  loss  of 
0.6  per  cent.  Inconsistencies  which  appear  in  these  figures 
show  that  the  results  are  of  value  only  as  an  indication  of  the 
average  stray  loss  and  cannot  be  taken  as  correct  for  any  one 
machine.  This  table  is  not  given  as  an  example  of  the  most 
accurate  results  obtainable  but  rather  as  an  example  of  results 
which  will  be  obtained  unless  what  might  be  termed  **  laboratory 
methods  **  are  resorted  to. 


Fig.  3 — Four-Pole,  20- kw.,  1000- re  v.  per  min.  Generator. 

I*R  armature  1060  watts.     Iron  and  eddy  current  loss  360  watts 

St  ay  loss  values  on  five  machines  tested  by  the  method  de- 
scribed in  connection  with  Fig.  2  are  shown  in  Figs.  3  to  8 
inclusive.  In  these  tests  the  utmost  care  was  taken  in  every 
detail,  the  losses  were  observed  directly  and  the  results  are  much 
more  reliable  than  tabulated  results  given  for  the  37  small  motors. 
The  150-kw.  and  400-kw.  generators,  also  the  500-kw.  converter, 
were  not  fitted  with  commutating  poles,  consequently  they  show 
a  stray  loss  at  no-load  due  to  the  initial  brush  shift. 

PR  loss  in  the  armature  copper  and  iron  plus  eddy  current 
loss  as  determined  at  no-load  are  given  in  each  case. 
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Fig.  4 — Six-Poi.e,  150-kw.,  225-rev.  per  min.  Generator. 

I^R  armature  4700  watia.     Iron  and  eddy  current  loss  1600  watts 


LOAD 


Fig.  5 — Four-Pole,  500-k\v./   750-rev.  per  min.,  Synchronous 
Converter  Run  as  300-kw.  Generator. 

PR  armature.  3750  watts.     Iron  and  eddy  current  loM  4400  watts. 
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Dotted  curves  shown  in  Figs.  3  to  8  are  based  on  the  assump- 
tion that  stray  losses  at  normal  load  are  equal  to  26  per  cent  of 
the  no-load  iron  loss  plus  full-load  armature  copper  loss  and  vary 
as  the  square  of  the  load.  This  factor  of  26  per  cent,  chosen  to 
suit  the  average  stray  loss  of  the  four  larger  machines,  is  evidently 
too  high  a  multiplying  factor  for  the  20-kw.  generator. 

Fig.  8  shows  the  ouves  of  Figs.  3  to  7  combined  with  the  per- 
centage stray  loss  in  each,  plotted  against  load.     The  two  dotted 
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curves  show  stray  loss  values  varyinc  ^^  'be  cube  and  square  of 
the  load,  0.7  per  cent  stray  loss  being  arbitrarily  chosen  at  the 
normal  load  point. 

In  this  paper  no  definite  conclusions  are  drawn  as  to  a  suitable 
midtiplying  factor  for  indicating  stray  loss.  Results  of  further 
tests  made  on  different  apparatus,  together  with  a  recommenda- 
tion as  to  suitable  multiplying  factors,  will  be  presented  in  the 
discussion  of  these  papers  at  the  Midwinter  Convention  of  the 
Institute. 
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THE    DETERMINATION  OF  STRAY  LOSSES 
FROM  INPUT-OUTPUT  TESTS 


BY   L.    T.   ROBrNSON 


It  is  usual  in  ordinary  testing,  even  after  exercising  consider- 
able care,  to  get  results  not  better  than  the  general  order  of  one 
per  cent. 

The  purpose  of  the  present  paper  is  to  show  that  input-output 
tests  can  be  made,  using  commercial  measuring  instruments  and 
under  shop  conditions,  that  will  give,  if  extreme  care  is  taken 
throughout,  efficiency  values  within  one  part  in  500,  and  that 
with  such  results,  a  general  idea  of  the  stray  losses  may  be  ob- 
tained within  about  0.2  of  one  per  cent  of  the  full-load  output. 

With  this  degree  of  precision,  the  stray  loss  curve  expressed 
as  per  cent  of  full-load  output,  and  plotted  against  the  output 
of  the  machine,  can  be  shown  as  a  curved  belt,  0.4  per  cent  wide, 
thus  giving  the  stray  losses  definitely  to  a  varying  degree  of  ap- 
proximation depending  on  the  amoxmt  of  such  loss. 

In  computing  stray  losses  from  efficiency  tests  by  input- 
output  method,  the  fact  that  some  of  the  points  obtained  do  not 
lie  within  the  prescribed  belt  is  felt  to  be  due  more  to  the  fact 
that  certain  components  of  the  losses  which  are  determined 
under  no-load  are  variable  than  to  any  failure  of  the  efficiency 
determinations  to  come  within  the  prescribed  limits.  For  ex- 
ample, in  one  instance.  Curve  3>  Table  XIV,  the  brush  and  bearing 
friction  alone  would,  if  varied  about  25  per  cent  in  the  right  di- 
rection, reduce  the  stray  losses  to  zero,  and  it  is  felt  that  some 
such  effect  caused  the  losses  on  100  and  125  per  cent  load  on  this 
set  to  fall  below  what  would  ordinarily  be  expected. 

If  this  point  had  been  more  fully  appreciated  during  the 
progress  of  the  tests,  certain  components  of  the  no-load  losses 
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that  enter  largely  into  the  final  results  would  have  been  deter- 
mined at  frequent  intervals  during  the  tests,  instead  of  once  for 
all  before  the  efficiency  runs.  Careful  examination  of  the  final 
tests  shows  that  the  difficulty  is  not  so  much  to  be  fotmd  in  ob- 
taining a  trustworthy  measiu'e  of  the  efficiency  as  in  obtaining 
the  true  stray  losses,  by  substracting  from  the  definitely  known 
total  losses,  under  load,  the  somewhat  indefinitely  known  no- 
load  components  corresponding  to  each  full-load  determination. 

In  the  examples  chosen,  the  stray  losses  do  not  exceed  the 
general  order  of  1  per  cent  of  the  full-load  output,  and  hence  the 
stray  losses,  assuming  that  the  no-load  losses  remain  constant, 
may  be  definitely  known  within  20  per  cent.  Obviously,  the 
approximation  will  be  10  per  cent  if  the  stray  losses  are  2  per 
cent  of  full-load  output,  and  40  per  cent  if  the  stray  losses  are  J 
per  cent  of  full-load  output. 

The  accuracy  obtainable  in  this  way  is,  of  course,  decidedly 
inferior  to  that  obtainable  if  the  losses  could  be  obtained  by  di- 
rect measurement,  using  only  ordinary  care  in  obtaining  the 
results.  However,  direct  methods  are  not  always  known  for  de- 
termining stray  loss  which  may  be  applied  to  any  and  all  types 
and  sizes  of  machines  to  which  input-output  testing  is  applicable, 
and  the  development  and  acceptance  of  any  such  methods  must 
depend,  in  the  final  analysis,  on  some  over-all  efficiency  measure- 
ment by  input-output  tests  or  by  similar  means. 

If  it  has  been  shown  that  the  attainable  precision  is  of  the  general 
order  of  1  in  500,  the  presumption  is  that  directly  determined 
stray  losses  falling  within  the  belt  would  represent  more  defi- 
nitely the  magnitude  of  the  losses  sought,  than  the  center  of  the 
belt,  and  also  more  correctly  the  change  in  such  losses  with 
change  of  load.  On  the  other  hand,  it  is  always  possible  to  omit 
from  consideration  some  conditions  of  testing  when  stray  losses 
are  directly  determined,  and  determination  of  over-all  efficiency 
within  0.2  per  cent  precludes  the  possibility  of  large  stray  losses, 
or  any  that  would  be  of  interest  to  the  user,  being  overlooked. 

Besides  the  degree  of  precision  possible  in  obtaining  the  effi- 
ciency in  terms  of  the  test  instruments  employed,  must  be  con- 
sidered the  calibration  and  testing  of  the  instruments  used,  so 
that  the  input  and  output  may  be  known  in  the  same  terms. 

In  all  the  cases  considered,  the  input  was  alternating  current, 
and  the  voltage  and  current  components  were  of  such  magnitude 
that  cturent  and  pressure  transformers  were  required  in  the 
measurements.     The  output  was  direct  cturent. 
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In  estimating  the  permissible  average  deviation  in  restilts 
the  following  were  considered: 

1.  Determination  of  input  and  output  in  terms  of  the  instru- 
ment employed. 

2.  Precision  of  wattmeters  used  for  input. 

3.  Precision  of  instrument  transformers  used. 

4.  Resistance  of  shunts  used  for  output  in  connection  with 
millivoltmeters. 

5.  Precision  of  millivoltmeters  used  with  shunts  for  measuring 
output  current. 

6.  Voltmeters  for  measuring  pressiu'e  of  d-c.  output. 

No  attempt  will  be  made  to  give  in  conventional  style  a  com- 
plete discussion  of  the  probable  error  in  relation  to  the  six  things 
involved,  or  to  estabUsh  the  correctness  of  the  conclusions 
reached,  except  by  reference  to  the  tabulated  results  or  to  the 
curves  which  follow.  The  contention  is  that  the  results  ob- 
tained usually  indicate  thai  the  precision  estimated  is  more  often 
attained  than  not.  All  the  points  determined  from  averages 
are  given,  and  enough  of  them  lie  outside  the  estimated  belt  to 
indicate,  as  would  be  expected,  that  not  every  point  will  fall 
within  the  probable  region. 

Taking  up  the  various  headings  in  order: 

1.  The  efficiency,  or  ratio  of  instrument  readings,  output 
divided  by  input,  was  determined  in  connection  with  each  com- 
plete observation,  and  the  deviation  of  each  efficiency  or  ratio 
so  computed  from  the  average,  was  used  as  a  basis  for  determin- 
ing the  average  deviation  as  follows: 

Average  deviation  of  mean  =  —j^—-~^ 

KnVn 

where  di.  . .,  and  dn-.^  are  the  individual  variations  from  the 
average  ratio,  n  is  the  number  of  observations  taken  and 
R  is  the  ratio  of  input  to  output.  The  number  of  observations  is 
increased  until  the  average  deviation  is  about  0.15  per  cent. 

In  determining  average  deviation  of  mean  it  is  preferable  to 
tollow  the  procedure  of  Tables  V  to  XV  and  use  the  ratio  of  in- 
put reading  to  output  reading,  rather  than  to  complete  each  sep- 
arate efficiency.  The  labor  is  much  less  and  the  opportimity 
is  entirely  removed  to  be  unconciously  influenced  by  preconceived 
notions  of  what  efficiency  may  be  expected. 

2.  Wattmeters  were  checked  by  comparison  with  usual  stand- 
ards at  several  points  very  close  to  the  respective  values  to  be 
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determined,  and  these  checks  were  compared  carefully  with 
previous  similar  sets  of  observations  to  determine  with  greater 
accuracy  the  true  values  to  be  used.  The  average  deviation 
of  these  values  at  any  point  did  not  exceed  0.07  per  cent. 

3.  Instrument  transformers  used  were  checked  by  potentio- 
meter methods  of  comparison  giving  average  deviation  of 
0.05  per  cent  for  current  and  the  same  for  pressure  transformers. 

4.  Resistance  of  shxmts  used  for  measiu'ing  the  d-c.  output 
was  not  considered  in  connection  with  the  precision  estimates. 
It  is  possible,  either  by  a  single  determination  using  a  great  deal 
of  care,  or  by  averaging  a  number  of  independent  determinations, 
to  know  the  resistance  of  these  shunts  within  limits  so  small 
that  they  woidd  not  appreciably  affect  the  acciu'acy  of  the  resxilts. 

5.  Millivoltmeters  used  on  these  shunts  for  measuring  d-c. 
were  felt  to  be  somewhat  more  capable  of  accurate  comparison 
with  standards  than  the  wattmeters,  therefore  the  value  0.05 
per  cent  was  taken. 

6.  Voltmeter  errors  were  estimated  to  be  the  same  as  milli- 
voltmeter,  0.05  per  cent. 

Effects  of  temperature  variation  were  eliminated  by  carrying 
out  all  the  tests  to  completion  when  the  series  was  started,  and 
disturbing  influences  of  surrounding  machinery  and  circuits 
were  very  carefully  guarded  against.  In  addition  to  this, 
shielded  instruments  were  used  in  every  instance. 

In  must  be  borne  in  mind  quite  clearly  that  no  attempt  is 
being  made  to  state  that  instruments  can  be  ordinarily  relied 
upon,  based  on  the  usual  single  comparison,  to  within  anything 
like  the  accuracies  here  estimated.  It  is  usual  to  take  only  one 
reading  at  a  point,  instead  of  a  closely  bunched  set  of  three  or 
five  readings,  and  to  neglect  entirely  previous  comparisons  at 
the  same  point  made  on  the  instrument.  The  average  deviation 
in  connection  with  all  the  items  referred  to  was  handled  in  the 
same  way  as  that  given  under  (1). 

For  a  final  precision  measure  we  get 

VO.W  +  0.072  +  0.052  +  0  052  +  0.052 +~o;()5«  =  0.19  per  cent 

or  roughly,  as  previously  stated,  0.2  per  cent.  The  only  significance 
that  was  attached  to  this  very  elementary  computation,  was  to 
draw  from  it  the  conclusion  that,  by  using  very  unusual  care 
in  all  the  work,  the  desired  degree  of  precision  could  be  obtained, 
and  it  is  believed  that  the  results  amply  justify  this  conclusion. 
This  estimate  refers  to  efficiency  alone,  and,  for  reasons  pre- 
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viously  given,  cannot  be  extended,  in  all  cases,  to  cover  the  stray 
loss  determinations  as  well. 

It  is  usually  customary  to  translate  values  obtained  in  a  man- 
ner similar  to  those  referred  to  above  into  "  probable  error" 
by  mtdtiplying  by  about  two-thirds,  but  this  was  not  done,  in 
order  to  be  on  the  safe  side. 

Conclusions 

Tests  like  the  following,  resulting  in  efficiency  determination 
within  0.2  per  cent,  may  be  successfully  made  with  commercial 
instruments  and  on  commercial  circuits  by  using  unusual  care 
and  with  a  considerable  expenditure  of  time  in  arranging  the 
tests  and  taking  the  observations.  The  labor  of  tabulating  and 
computing  the  results,  together  with  the  labor  in  connection  with 
the  checking  of  instruments  and  accessories,  is  far  more  than  the 
labor  of  obtaining  the  observations  or  setting  up  the  tests. 

In  the  checking  of  the  instruments  and  computing  the  test 
results,  a  high  order  of  skill  and  reliability  is  demanded,  such  as 
can  be  obtained  only  by  training  average  operators  to  do  the 
work  with  the  necessary  degree  of  care  by  keeping  them  con- 
tinuously employed  at  it  for  some  time,  or  as  an  alternative, 
utilizing  several  high-priced  men  for  computing  and  arranging 
for  such  tests.  In  either  case  the  cost  of  the  work,  if  it  is  done 
well  enough  to  be  of  value,  will  be  so  great  that  it  is  not  permis- 
sible except  in  connection  with  large  sets  of  comparatively  high 
cost  and  as  a  check  method  for  demonstrating  the  reliability 
of  other  methods  better  suited  to  commercial  needs.  The  method, 
is,  therefore,  clearly  one  that  can  be  considered  only  in  connec- 
tion with  special  investigations. 

The  test  observers  need  not  be  especially  skilled  if  computation 
of  deviations  from  average  are  carried  on  simultaneously  with 
the  test  and  the  number  of  sei)arate  observations  increased  until 
the  desired  precision  limits  are  obtained.  Such  unskilled 
observers  may  increase  the  number  of  readings  necessary  from 
9  or  10  per  point  to  three  or  four  times  that  number,  or  even 
more,  with  the  corresponding  increase  in  labor  of  computing, 
etc. 

The  same  effect  may  occur  with  unsteady  current  supply. 

An  occasional  observer  may  be  found  who  cannot  record  the 
indications  of  his  instruments  even  with  impartial  inexactness. 
Such  a  one  must  be  located  and  replaced  before  the  test  can  be 
satisfactorily  concluded. 
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Reference  to  Curve  1  will  show  that  redeterminations  at 
50  per  cent  load  made  on  succeeding  days  checked  very  closely 
because  presumably  the  conditions  of  bearing  and  commutator 
did  not  differ.  This  is  also  shown  on  Curve  2,  at  100  per  cent 
load. 

These  points  are  referred  to  simply  to  emphasize  the  fact  that 
the  load  loss  values  could,  as  stated,  be  brought  closely  within 
the  belts,  if  the  losses  detenninable  at  no-load  and  which  vary 
within  relatively  wide  limits  from  time  to  time,  had  been  ascer- 
tained at  the  same  time  that  the  efficiency  point  was  taken. 


TABLE  I 

THREE-UNIT  SET— 1135-KV-A.,  eCOO-VOLT.  SYNCHRONOUS  MOTOR  DIRECT- 

CONNECTED  TO  TWO  500-KW.,  125-VOLT  DIRECT-CURRENT 

GENERATORS 


Kw. 

50  per  cent 
load 

Per  cent 
efficiency 

Obs.  No. 

Input 

Output 

1 

614.2 

502 

81.8 

2 

583.3 

486.8 

83.5 

3 

562.4 

464 

82.6 

4 

599.8 

497 

83.1 

• 

5 

598.2 

496 

83 

6 

590.8 

494.3 

83.7 

7 

584.7 

490.5 

83.8 

8 

602.3 

493.5 

82 

0 

588.8 

489.5 

83.1 

10 

602.6 

495.5 

82.3 

V 

Aver 

age 

592.71 

490.91 

82.9 

Deviation  from 
mean 


1.1 
0.6 


0 

0 

0. 

0 

0 


3 
2 
1 
8 
9 


0.9 
0.2 
0.6 

0.57 


v/ 


d:0.22  % 


10  X82.9 


Test  output 

Seg.  loss 

Seg.  loss  input 

490.91 

+ 

100.8 

490  91 
591.71             -            -83%  seg.  loss  eff. 
59 1.71 

Test  input 

Seg.  loss  input 

Stray  loss 

592.71 

— 

591   71 

-f  1.0  kw.-  fO  10%  of  normal  load  output. 
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TABLB  II 
THRBB-UNIT  SBT~II3S.KV-A..  eeOO-VOLT  SYNCHRONOUS  MOTOR  DIRECT 
CONNBCTBDTOTWOSOO-KW.,  12S-V0LT.   DIRECT-CURRENT  GBNBRATOR8 


SO 

Kw. 

Prr  cent 

DtiTition 

laid 

Obs.  No. 

Input 

Output 

eB. 

m»n 

J 

sso.:: 

470  5 

80 

a  8* 

811,3 

608 

567 

494.5 

S3 

0,1 

0  4 

BIZ  2 

512 

5M.B 

4as.7 

H2.li 

0.6 

S2  7 

04 

602.4 

499 

49H  S 

B3.Z 

O.l 

10 

Oil  4 

507 

H2.S 

O.S 

""■" 

(without  1) 

604  T3 

602.07 

S2.a 

0  3 

±o.ia?i 

■^X»!.. 

T 

MtOI 

iput 

Sec- leu 

ScB. 

OH  Input 

60172               — 

803.27 

-      +1.4Skw.- +0.145% 

•V»laetinlbeKi»b 

«  mwlted  wit 

h  «.  astetiik  rejected  on  ucou 

met  gTMtci  than  the 

verige. 

TABLB  III 
THREB-UNIT  SET— 1135- KV- A..  6800-VOLT.  SYNCHRONOUS  MOTOR  DIRECT- 
CONNECTED  TO  TW0500-KW..  125-VOLT.  DIRECT-CURRENT  GENERATORS 


K 

w 

75  iwr  cent 

Devietion  ( 

iMd 

Obi.  No. 

Input 

Output 

eff. 

mean 

878,92 

768,5 

87.1 

J  J 

881,8 

760 

86.2 

942.9 

8 

2* 

892.8 

770.3 

86  4 

a 

898,8 
896.8 

771.1 

86.3 

85,9 
86.5 

0 
0 
0 

6 

873,8 

0 

2 

891.3 
912  1 
879.9 

898,8 
875,7 

762  3 

786.3 

85,6 
85.6 

85.4 
86.1 

0 
0 

5 

6 

863.8 

742.4 

1 

AytiMtt 

:wtthou(  3) 

886  03 

86  U6 

0  6 

±0,1B»^ 

^.XM... 

-  -86,5%  wa.  iDu  eS. 
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TABLE    IV 
THREE-UNIT  SBT— liai-KV-A..  OBOO-VOLT.  SYNCHRONOUS  MOTOR  DIRECT 
CONNBCTED  TO  TWO  iOO-KW.,  I25-VOLT.  DIRBCT-CURRBNT  GENERATORS. 


Kw 

Fullloid 

Obi. 

Per  esnt 

Ddvimlion  (rem 

IQPU. 

Output 

«ff. 

mean 

IMO 

1003 

B7.8 

0  3 

1 

11S7 

1003 

88.7 

OB 

1143 

093 

87 

o'.fi 

U72 

lOOB 

88 
87. S 

0^1 

8 

1 138 

1028 

1035 

00.0 

3.1' 

1.0 

, 

12 

IIW 

1018 
1003 

88 

87.6 

01 

1 

IB 

11« 

ow 

87.1 

00.8 

2  S* 

S87 

1128 

SS4 

lies 

1020 

0 

i.e 

1 

ai 

1117 

^oia 

87.0 
80 

14 

22 

1120 

mo 

88-7 

1   1 

24 

2G 

1142 

1012 

W 

11™ 

loio 

Iv'l 

I A 

2B 

1003 

88 

21) 

B7.U 

:i<i 

1142 

»2 

K7.H 

3:j 

Mill 

imil 

Wl ,  .■. 

t    1 

Avcrin 

111.  iii) 

u.iu 

li»i7,s 

S7  B 

^SoV^li"^" 

'Z 

IISO  — 


7ku.   -   +0.17%  of  n. 
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TABLE  V 

TWO-UNIT  SET--1120-KV.A..6flOO-VOLT  SYNCHRONOUS  MOTOR  CONNECTED 
TO  A  1000-KW.,  250-VOLT,  DIRECT-CURRENT  GENERATOR 

60  PER  CENT  LOAD 


Input 

Output 

Deviation  from 

Obt.  No. 

^              kw.  field 

Wm.  -h  — : 

ratio  trans. 

millivolts    X 
volts 

Ratio 

mean 

1 

342.8 

10000 

30.91 

0.213 

2 

339.8 

10420 

30.72 

0.023 

3 

340.8 

10450 

30.65 

0.047 

4 

339.3 

10390 

30.61 

0.087 

5 

339.3 

10380 

30.60 

0.097 

6 

338.8 

10350 

30.58 

0.117 

7 

343.8 

10610 

30.92 

0.223 

8 
Average 

344  8 

10530 

30.59 

0.107 

341.2 

10466 

30.69 

0.1146 

'^X30.69 

-  ±0  132% 

Ratio  of  trans. 


1789.4 


Mult.  fact,  of  shunts 

Kw.  610.1 


Test  output 


508 


SeR. loss 


104 


48.6 


508 


508         — -"  -  8.1.3%  off.  input-output. 
610.1 


Seg.  loss  input 
G12 


508 

-—  -  83%  eff.  seg.  loss. 

612 


Test  input 
610.1 


Seg.  loss  input        Strny  loss 
612         -         -1.9 


—  —0.19%  of  normal  load  output. 
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TABLE  VI 

TWO-UNITSET— 1120.KV-A.,6«00-VOLT.  SYNCHRONOUS  MOTOR  CONNBCTED 
TO  A  1000-KW..  260-VOLT  DIRECT-CURRENT  GENERATOR 

60  PER  CENT  LOAD 


Input 

Output 

Obc.  No. 

kw.  field 

mUlivolts  X 

Dev.  from 

• 

Wm.  + 

ratio  trans. 

▼olts 

Ratio 

mean 

1 

342.25 

9980 

29.15 

0.188 

2 

346.25 

10200 

29.43 

0.092 

3 

341.25 

10080 

29.55 

0.212 

4 

340.25 

9990 

29.35 

0.012 

5 
Average 

337.25 

9850 

29.21 

0.128 

341.65 

10020 

29.388 

0.1264 

'^X  29.388 

-  ±0.193% 

Ratio  of  trans.  1784 

Mult,  fact  of  shunts 


Kw. 


608.9 


60.6 

604  4 

604 . 4 82 . 9%  cflf.  input-output. 

608.9 


Test  output 


504.4 


Seg.  loss 


+        104 


SeR.  loss  input 


608  4 


604.4 
608.4 


83%  eff.  seg.  loss. 


Test  input 
608.9 


Seg.  loss  input 
608.4 


Stray  loss 
"1-0.5  ■■  +0.5%   of  normal  load  output. 


542 


ROBINSON:     STRA  Y  LOSSES 


[Feb.  27 


TABLE  VII 

TWO-UNIT  SET— 1120-KV-A..  MOO-VOLT  SYNCHRONOUS  MOTOR  CONNECTED 
TO  A  1000-KW  .  250.VOLT.  DIRECT-CURRENT  GENERATOR 

76  PER  CENT  LOAD 


Input 

Output 

I 

Obc.  No. 

kw.  field 

miUivolts  X 

Ratio 

Dev.  from       i 

Wm.  + : 

voltt 

mean           i 

ratio  trant. 

1 

496.4 

15700 

31.60 

0.145 

2 

494.4 

15650 

31.70 

0.045           , 

3 

501.4 

15910 

31.78 

0.035 

4 

499.4 

15890 

31.80 

0.055 

5 

499.4 

15850 

31.79 

0.045 

6 

495.4 

15730 

31.70 

0.045 

7 

495.4 

15760 

31.78 

0.035 

8 
Average 

494.4 

15710 

31.81 

0.065 

497.02 

15774 

31.745 

0.0587 

'^X  31.746 

-  dbO.065% 

1 

Ratio  of  trans.            1778 . 6 
Mult.  fact,  of  shunts 

48.6 

Kw. 

884.1 

768 

Test  output 
768 

Seg.  loss 
+     114.6  - 

Seg.  loss  input 
882.6 

Test  input 
884.1 

Seg.  loss  input 
—            882.6 

Stray  los 
+1.5 

768 
884.1 

768 


882. 6 


-86.8%  eff.  input-output. 
-  87%  eff.  seg.  loss. 


"  +  0. 15%  of  normal  load  output. 
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TABLE  VIII 

TWO-UNIT  SET--1120-KV-A.,  660.VOLT.  SYNCHRONOUS  MOTOR  CONNECTED 
TO  A  lOOOKW..  250-VOLT,  DIRECT-CURRENT  GENERATOR 

75  PER  CENT  LOAD 


Input 

Output 

f 

Obt.  No. 

kw.  field 

millivolts    X 

Ratio 

Dev.  from 

Wm. 

ratio  trans. 

volts 

mean. 

1 

i             1 

494.6 

1 

1 
1 

'           15110 

30.59 

0.134 

2 

494.6 

15ICX) 

30.57 

1           0.114 

3 

489.6 

14850 

30.39 

0.066 

4 

492.6 

14900 

30.23 

0.226 

6 
Average 

493.6 

15040 

30.50 

0.044 

493 

15000 

30.456 

0.1168 

■^5  X  30.456 

-  ±0.171% 

1 

Ratio  of  trans. 

1777.3 

Malt.  fact,  of  i 

ihunts 

50.4 

Kw. 


876.4 


756 


Test  output  Seg.  loss 

756  +       114.2 

Test  input  Seg.  loss  input 

876.4  —           870.2 


756 
876.4 

756 


870.2 


86.4%  eff.  input-output. 
«  86.9%  eff.  seg.  loss. 


Seg.  loss  input 
870.2 
Stray  loss 
"         +6.2  «  +0.62%  of  normal  load  output. 
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TABLE  IX 

TWO-UNIT   SET— 1120-KV.A..   6eOO-VOLT,    SYNCHRONOUS     MOTOR    DIRECT- 
CONNECTED  TO  A  1000-KW.,  250-VOLT,  DIRECT-CURRENT  GENERATOR 

NORMAL  LOAD 


Input 

Output 

Obs.  No. 

'kw.  field 
Wm.  + 

ratio  trans 

millivolts    X 
volts 

Ratio 

Dev.  from 
mean 

1 

676.3 

21800 

32.23 

0.165 

2 

647.3 

20780 

32.10 

0.035 

3 

656.3 

21000 

32 

0.065 

4 

658.3 

21110 

32.09 

0.025 

5 

657.3 

21070 

32.03 

0.035 

6 

656.3 

21030 

32.01 

0.055 

7 

655.3 

21030 

32.10 

0.035 

8 

653.3 

20970 

32.11 

0.045 

9 

655.3 

21000 

32.01 

0.055 

10 

663.3 

21150 

31.89 

0.175 

11 

657.3 

21040 

32.01 

0.055 

12 

660.3 

21200 

31.99 

0.075 

13 

663.3 

21400 

32.29 

0.236 

14 

658.3 

21190 

32.19 

0.126 

15 
Average 

661.3 

21100 
21125 

31.92 

0.145 

658.57 

32.065 

0  0884 

"^5  X  32.065 

-  ±0.071% 

Ratio  of  trans. 


1775.3 


Mult.  fact,  of  shunts 


Kw. 


Test  output 


1027 . 1 


1169.2 


+       129.2 


48.63 


1027.1 


Seg.  loss        Seg.  loss  input 


Test  input        Seg.  loss  input 
1169.2  —        1156.3       - 


1  156.3 

Stray  loss 
+12.9 


1027.1 
1169.2 


1027.1 
]  156.3 


-87.85%  eff.  input-output 


88.8%  efT  seg.  loss. 


■■   +1   29 Vo  of  normal  load  output. 
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TABLE  X 

TWO-UNIT     SET— 1120-KV-A.,   6000-VULT.    SYNCHRONOUS    MOTOR  DIRECT- 
CONNECTED  TO  A  1000-KW..  250-VOLT  DIRECT-CURRENT  GENERATOR 

NORMAL  LOAD 


Obt.  No. 


1 
2 
3 

4 

5 

6 

7 

8 

9 

10 

Average 

(without  N 


Wm.  + 


Input 
kw.  fi(>lcl 
ratio  trans 


659.9 
6(52.9 
653.9 
658.9 
654.9 
655.9 
657.9 
662.9 
659.9 
656.9 


o.  1)       658.2 


Output 

millivolts    X 

Ratio 

volts 

21570 

32.70 

21220 

32.05 

20940 

32.09 

21990 

32.19 

20980 

32.03 

21080 

32.12 

21200 

32.21 

21060 

31. OS 

21180 

32.09 

20960 

31.90 

21179 

.32.05 

Dev.  from 
mean 


0.58* 

0.00 

0.04 

0.14 

0.02 

0.07 

0.16 

0.25 

0.04 

0.15 

0.097 


V, 


9  X  32.05 


-  ±0.107% 


Ratio  of  trans.  1775.3 

Mult.  fact,  of  shunts 


Kw. 


1170.1 


48.  G3 

1027.7 

1027.7         =  87.8%  eff.  input-output. 

1170.1 


Test  output  Seg.  loss 

1027.7         -h       129.2 


1027.7 

Sog.  loss  input       =  88.C'/c  t-*ff.  seg.  loss. 

1150.9  ii^.w 


Test  input 
1170.1 


Seg.  loss  input 
1156.9 


Stray  loss 
-hl3 .2  -  +  1 .  32%  of  normal  loud  output. 
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TABLE  XI 

TWO-UNIT   SET— 1120-KV-A..  6eOO-VOLT,   SYNCHRONOUS   MOTOR.   DIRECT- 
CONNECTED  TO  A  1000-KW.,  250-VOLT,  DIRECT-CURRENT  GENERATOR 

NORMAL  LOAD 


Obt.  No. 


1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Average 


I 


Wm.  -I- 


Input 

kw.  field 
ratio  trans. 

Output 
miUivolts  X 
▼olts 

654.9 

20250 

647.9 

20100 

650.9 

20210 

650.9 

20160 

650.9 

20150 

655.9 

20166 

654  9 

20140 

654  9 

2025U 

654.9 

20220 

653.9 

20210 

651.9 

20120 

656.9 

20320 

654.9 

20280 

658.9 

20300 

655.9 

20320 

652.9 

20100 

655.9 

20240 

652.9 

20100 

649.9 

1          20000 

649.9 

20050 

653.5 


20184 


Ratio 

Dev.  from 

mean 

30.98 

0.09 

31 

0.11 

31.02 

0.13 

30.95 

0.06  . 

30.95 

0.06 

30.75 

0  14 

30  75 

0.14 

30  95 

U.06 

:i0.90 

0.01 

30.95 

0.06 

30.85 

0.04 

30.90 

0.01 

30.98 

0.09 

30.82 

0.07 

30.95 

0.06 

30.80 

0.09 

30.85 

0.04 

30.80 

0.09 

30.79 

0.10 

30.82 

0.07 

30.89 

0.076 

"^  X  30.89 

-  ±0.055% 

Ratio  of  trans.  1775 . 3 

Mult.  fact,  of  shunts 


Kw. 


1159.7 


48.63 
1017.3 


1017.3 
1159.7 


87.7%  eff.  input-output 


Test  output  Seg.  loss 

1017.3  +       129.2 


1017.3 
Seg.  loss  input      ,T7Z~~Z  "  88.7%  eft.  seg.  loss. 


1146.5 


1146.5 


Test  input 
1159.7 


Seg.  loss  input 
1146.5 


Stray  loss 
-1-13.2 


+  1-32%  of  normal  load  output. 


Brush  and  bearing  friction  including  windage  28.87  kw. 
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TABLE  XII 

THREE-UNIT  SET— 1460-KV-A.,  2300-VOLT.  SYNCHRONOUS  MOTOR  DIRECT- 
CONNECTED  TO  TWO  500-KW..  120a-VOLT.  DIRECT-CURRENT  GENERATORS 

50  PER  CENT  LOAD 


Input 

Deviation 

Obt.  No. 

Output 
kw. 

RaUo 

from 
mean 

Wi 

Wt 

Wi  -^Wt 

1 

172 

07 

239 

496.37 

2.074 

0.024 

2 

172 

70 

242 

513 

2.118 

0.020 

3 

170 

70 

240 

493.46 

2.052 

0.046 

4 

170 

67 

237 

499.80 

2.108 

0.010 

6 

174 

69 

243 

511.65 

2.182 

0.076* 

6 

171 

68 

239 

502.82 

2.101 

0.003 

7 

170 

66 

236 

493.71 

2.088 

0.010 

8 

171 

67 

238 

503.94 

2.115 

0.017 

9 

108 

65 

233 

491.14 

2.106 

0.008 

10 

170 

67 

237 

502.88 

2.120 

0.012 

Average 

(Without  5) 

170.47 

67.44 

499.66 

2.098 

0.0167 

'^X2.098 

-0.265% 

Phase  an^e 
correction  factor    0 .  9982 
C.  T.  ratio  120  4 

P.  T.  ratio  19  88 


0  9705 
120.3 
19.90 


Kw.  input 


Kw                       407.3 

156.69             563  99 

Sep.  exc.  field 

7.48 

Total  input 
Total  output 

571  47 

4S 

Test  output 
499.66             + 

Seg.  loss            Seg.  loss  input 
68.42        -           568.08 

Test  input 

671.47          — 

Seg.  loss  input         Stray  loss 
068.06            -      -(-3.39  kw 

499.66 
571.47 


-  87.43%  eff. 
in  put -output 


499  66 


499.66 
568.08 


-87.95%  eff 
seg.  loss 


—  4-0 .  34%  of  normal  load  output. 
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TABLE  XIII 

THRBE-UNIT  SET— 1450- KV-A.,  2300-VOLT,  SYNCHRONOUS  MOTOR    DIRECT 
CONNECTED  TO  TWO  500.KW.,  1200-VOLT,  DIRECT-CURRENT  GENERATORS 

75  PER  CENT  LOAD 


Obt.  No. 

Input 

Output 
kw. 

Ratio 

Deviation 
from 
mean 

Wi 

Wt 

Wi-k-Wt 

1 
2 
3 
4 
6 
6 
7 
8 
9 
10 

Average 

253 
250 
250 
250 
250 
250 
249 
249 
250 
250 

103 
98 
99 
97 
98 
97.5 
97.5 
97.5 
08 
97.5 

356 

348 

349 

347 

348 

347.5 

346.5 

346.5 

348 

347.5 

770.17 
745.05 
751.56 
755.58 
748.82 
751.79 
743.78 
745.96 
757.77 
751 . 10 

2.162 

2.14 

2.15 

2.175 

2.147 

2.164 

2.143 

2.152 

2.176 

2.163 

0.005 
0.017 
0.007 
0.018 
0.010 
0.007 
0.014 
0.005 
0.019 
0  006 

250.1 

98.3 

752.158 

2.157 

0  0108 
'^X2.157 
-  ±0.1586% 

Phase  angle 

corr.  factor 
C.  T.  ratio 
P.  T.  ratio 
Kw. 

Sep.  exc.  field 

Total  input 

Total  output 


0.99804        0.9719 

120.1  120 

19.88  10.9 

596.1  228.13 


Kw.  input 
724 . 23 

8.085 

832.315 


752.158 
832.315 


«90  37%  cff 
input-output 


752.158 


Test  output 


ScK.  los.s 


752.158         +      79  871 


Scg.  loss  input 


832.029 


752.158 


832.029 


-90.508%  cff. 
seg.  loss. 


Test  input 
832.315 


Seg.  lo^s  input 
832.029 


Stray  loss 
+0.286  kw. 


+0.286%  of  normal  load  output 
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TABLE  XIV 

THREE-UNIT  SET— 1450-KV-A..2300-VOLT.  SYNCHRONOUS  MOTOR    DIRECT- 
CONNECTED  TO  TWO  500-KW.,1200-VOLT.   DIRECT-CURRENT  GENERATORS 

NORMAL  LOAD 


Input 

Deviation 

Obs.  No. 

Output 

Ratio 

from 

IVi 

IVi      1 

"'l+H'j 

kw. 

mean 

1 

338 

132 

470 

1021.8 

2.178 

0.001 

2 

330 

124 

454 

992.7 

2.183 

0.004 

3 

331 

130 

461 

1001 

2.172 

0.007 

4 

333 

137.5 

470.6 

1026.3 

2.181 

0.002 

5 

330 

137 

467 

1020.1 

2.183 

0.004 

0 

330 

136 

466 

1014.9 

2.179 

0.000 

7 

330 

137 

467 

1020.9 

2.183 

0.004 

8 

326 

131 

457 

994.7 

2.173 

0.006 

9 

330 

131 

461 

1003.3 

2.176 

0.003 

10 

330 

131 

461 

1002.8 

2.175 

0.004 

11 

330 

132.5 

462  5 

1010.8 

2.187 

0.010 

12 

332 

131 

463 

1004.9 

2.173 

0.006 

13 

334 

134 

468 

1020.2 

2.182 

0.003 

14 

330 

132 

462 

1005.6 

2.179 

0.000 

15 

329 

132 

461 

1016 

2.204 

0.024* 

16 

331 

134 

405 

1011.6 

2.175 

0.004 

17 

330 

132.5 

402  5 

1005.1 

2.175 

0.004 

18 

329 

128 

457 

1000.7 

2.190 

0.011 

19 

330 

131.5 

461.5 

998  7 

2.162 

0.017 

20 
Average 

330 

131.5 

401.5 

1001.2 

2  189 

0.011 

(without  15) 

330.74 

132.37 

1008.28 

2.179 

0  0053 
"^19X2.179 

i 

=  ±0.574% 

Phase  angle 

corr.  factor 
C.  T.  ratio 
P.  T.  ratio 
Kw. 

Sep.  exc.  fi«ld 
Total  input 
Total  output 


0  99804      0.9719 
119.8  119.8 

19.88  19.9 

785.98        306.55 


Kw.  input 
1092.53 

_10^2 
1103.36 


1008^28 
1103.36 


=  91  59^)  cff. 
input-output 


1008.28 


Test  output 
1008.28 


ScK. loss 
-f      96.068 


S(>K-  lo.ss  input 
1 104 .  34.S 


1(X)8  28 
1104.348 


=  91.34%  eflF. 
seg.  loss. 


Test  input 
1103.36 


Scg.  loss  input 
1104.348 


Stray  loss 
-    0.9S8 


-  —0.0988%  of  normal  load. 


Brush  and  bearing  friction  including  windage  >=  18.55  kw. 
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TABLE  XV 

THREE-UNIT  SET— 1450-KV.A..  2300-VOLT.  SYNCHRONOUS  MOTOR    DIRECT- 
CONNECTED  TO  TWO  600-KW.,  IZOO-VOLT,  DIRECT-CURRENT  GENERATORS 

125  PER  CENT  LOAD 


Input 

■ 

Deviation 

Obt.  No. 

Output 
kw. 

Ratio 

from 
mean 

Wi 

Wt 

Wi  -h  H^, 

1 

407 

165 

572 

1259.69 

2.200 

0.024 

2 

410 

168 

578 

1259.32 

2.181 

0.005 

3 

407 

168 

575 

1250.79 

2.178 

0.002 

4 

410 

168 

578 

1249.87 

2.164 

0.012 

6 

405 

167 

572 

1246.75 

2.178 

0.002 

6 

405 

167 

572 

1267.54 

2.216 

0.036« 

7 

412 

169 

581 

1267.26 

2.181 

0.005 

8 

414 

170 

584 

1252.96 

2.148 

0.028 

9 

406 

167 

573 

1248.80 

2.180 

0.004 

10 

412 

169 

581 

1262.16 

2.171 

0.005 

Average 

(without  6) 

409.2 

167.9 

1255.29 

2.176 

0.0097 

'^9X2.176 

-0.148% 

Phase  angle 

corr.  factor 

0.9980        0.9719 

C.  T.  ratio 

119.6           119.6 

P.  T.  ratio 

19.88         19.90 

Kw.  input 

Kw. 

970  96         388.37 

1359.33 

Sep.  exc.  field 

12.338 

Total  input 

1371.668 

Total  output 

12 

Teat  oucput             Seg.  loss 

Seg.  loss  input 

1255.29 

+      118  025       - 

1373.315 

Test  input 

Seg.  loss  input 

Stray  loss 

1371  668 

—         1373.315 

-  — 1.647  kw.- 

1255.29 
1371.668 


-  91.512%  eff 
input-output 


1255.29 


1255.29 
1373.315 


-  91.409%  e£F. 
•eg.  loss. 


A  fPm  ff€S€nttd  «<  Uu  Midwinter  Conwen- 
turn  cf  Uu  Amtrican  InstituU  of  Electrical 
Bntiu4grs,  Ntw  York,  Petruary  27.  1913. 
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SOURCES  OF  ERROR  IN  THE  EFFICIENCY 

DETERMINATION  OF  ROTATING 

ELECTRIC  MACHINES 


BY    ELMER    I.    CHUTE    AND    WILLIAM    BRADSHAW 


The  eflSciency  of  any  apparatus  is  the  ratio  of  its  net  power 
output  to  its  gross  power  input.  According  to  the  Standardiza- 
tion Rules  of  this  Institute  this  may  be  determined  with  certain 
limitations  by  either  of  two  methods,  by  the  input-output  method 
or  by  the  summation  of  separate  losses. 

By  the  first  method  the  input  and  output  are  to  be  measured 
directly,  either  mechanically  or  electrically  as  the  case  may 
be;  by  the  second  the  separate  losses  are  to  be  determined 
either  individually  or  collectively,  and,  in  the  case  of  generators, 
added  to  the  output  to  give  the  input,  or,  in  the  case  of  motors, 
subtracted  from  the  input  to  give  the  output.  In  either  method 
the  efficiency  equals  the  output  divided  by  the  input. 

To  determine  the  loss  values,  measurements  of  resistance,  core 
and  frictional  losses  are  involved,  quite  elaborate  tests  being 
usually  required  to  determine  the  latter  two.  In  the  input- 
output  test  two  measurements  only  are  required,  which  to 
the  uninitiated  seem  as  though  they  should  be  obtained  without 
any  special  preparation  whatever,  especially  where  both  values 
to  be  measured  are  electrical,  as  will  be  assumed  in  this  paper. 

If  all  measurements  could  be  taken  with  perfect  accuracy  there 
could  be  no  discussion  whatever  on  this  subject,  or  even  if  all  in- 
accuracies affected  the  final  results  in  equal  proportion,  one 
would  be  as  reluctant  to  take  separate  loss  measurements  for 
efficiency  calculations  as  some  are  now  to  take  input-output 
tests.     But  this  is  far  from  the  case. 

Inaccurate  readings  of  power  input  to  the  driving  motor,  while 
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determining  the  core  and  frictional  losses,  are  practically  the  only 
sources  of  error  in  loss  measurements.  These  errors,  moreover, 
enter  into  the  result  only  indirectly.  In  a  i^aper*  presented  at 
the  annual  convention  at  Boston,  it  was  shown  from  data  on 
a  large  number  of  machines  that  even  in  the  most  extreme  case 
when  the  effect  is  largest,  an  error  of  five  per  cent  in  the  actual 
readings  taken  affects  the  efficiency  by  only  one-half  of  one 
per  cent.  The  effect  in  the  average  case  is  less  than  two  tenths 
of  one  per  cent.  The  real  variation  is  probably  much  less  than 
this,  for  the  five  per  cent  error  assumed  is  a  very  high  value 
seldom  occurring  even  in  commercial  practise. 

In  the  input-output  test,  on  the  other  hand,  all  errors  in 
measurement  enter  directly  into  the  result.  The  five  per  cent 
above  assumed  (and  it  is  as  logical  to  assume  it  in  one  case  as  in 
the  other,  under  equal  conditions)  would  probably  affect  the 
efficiency  at  least  five,  if  not  ten  per  cent,  depending  on  whether 
the  errors  in  measurement  of  the  output  and  input  were  cumula- 
tive or  tended  to  neutralize.  The  probability  of  this  may  be 
more  apparent  from  the  following  analysis  of  all  the  incorrect 
conditions  that  might  exist. 

Input  correct,  output  high       —  EflFect  directly   proportional   to   error. 

u  u  a      Iqw  «  «  a  «  a 

"     high  "     correct  —         «  «  «  «        « 

u       low  "  "  u  u  u  tt  a 

**  high  "  low  —         "  "to  sum  of  error 

«  low  «  high  —         «  «  «  «         « 

"  low  "  low  —  Errors  tend  to  neutralize 

«  high  "  high  —         «  « 

It  is  apparent,  then,  that  if  efficiencies  as  consistent  as  those 
determined  by  the  loss  method  are  to  be  obtained,  every  precau- 
tion conceivable  must  be  taken  that  the  observations  made,  or 
readings  taken,  are  as  little  in  error  as  possible.  It  is  this  neces- 
sity that  offsets  the  otherwise  apparent  simplicity  of  the  input- 
output  method,  and  renders  the  test  far  more  elaborate  and 
costly  to  conduct  than  any  other  method  of  efficiency  measure- 
ment. 

A  brief  examination  of  the  sources  of  error  will  bring  out  some 
of  the  precautions  that  must  be  observed.  These  may  be  classi- 
fied as  follows: 


*  Determination  of  Power  Efficiency  of  Rotating  Electric  Machines  E.  M 
OUn,  Trans.  A.  I.  E.  E.,  Vol.  XXXI,  p.  1G95. 
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a.  Instrument  errors. 

1.  An  unsuitable  selection  of  meters  or  associated  ap- 

paratus. 

2.  Inaccuracies  of  calibration. 

3.  Improper  location  or  use  of  the  instruments. 

b.  Observation  errors. 

1.  Personal  errors. 

2.  Errors  due  to  fluctuation  of  meter  indicators,  depend- 
ing on  character  of  circuit. 

c.  Errors  due  to  varying  conditions  of  operation. 

1.  Change  in  constant  losses. 

2.  Comparison   with   separate   loss   values   not    made 
under  same  conditions. 

Instrument  errors  may  be  avoided  to  a  large  extent  in  any 
first  class  laboratory  or  manufacturing  plant,  but  become  of 
vital  importance  in  isolated  stations  where  suitable  instruments 
are  not  available,  or  in  plants  when  apparatus  is  much  crowded 
or  where  very  heavy  currents  are  the  rule. 

Measuring  instruments  must  be  selected  with  the  conditions 
thoroughly  in  view.  Well  damped  indicating  instruments  have 
proved  the  best  in  practise.  Watt-hour  meters  placed  on  both 
the  incoming  and  outgoing  lines  would  naturally  seem  to  be  the 
best  solution  of  the  problem,  but  repeated  tests  with  the  best 
types  of  available  instruments  have  not  proved  as  satisfactory 
as  those  taken  with  indicating  meters. 

The  accurate  calibration  of  the  meters  used  is  essential.  For 
ordinary  work  the  accuracy  of  one-half  of  one  per  cent  of  the 
full  scale  reading  at  any  point  on  the  scale,  which  is  the  usual 
guarantee,  is  sufficient,  but  in  an  input-output  test  even  this 
error,  considering  the  number  of  meters  used,  may  lead  to  an 
error  of  two  per  cent  or  more,  in  the  efficiency  of  the  apparatus 
under  test.  Meters  if  used  with  care  can  be  depended  on  to 
hold  this  accuracy  very  well,  but  to  make  certain  that  no  change 
in  calibration  has  occurred  during  a  test  it  is  always  advisable  to 
check  them  at  the  end  as  well  as  the  beginning  of  the  test. 

The  proper  locating  of  meters,  especially  those  of  the  moving 
coil  type,  must  be  given  careful  consideration.  They  should 
rest  on  a  firm,  rigid  support  and  be  so  located  as  to  be  free  from 
any  external  field  effects.  It  must  not  to  be  assumed  that  even 
meters  of  the  shielded  types  can  be  exposed  indiscriminately  to 
stray  fields.  As  a  general  rule  the  same  precautions  should  apply 
to  them  as  to  others. 


554  CHUTE  AND  BRAD  SHAW:   *  [Feb.  27 

When  one  considers  the  large  number  of  meters  necessary  on 
such  tests,  the  necessity  of  eliminating  or  accounting  for  even 
the  most  minute  errors  in  them  is  evident.  In  the  simplest  case, 
when  the  incoming  and  outgoing  power  are  each  direct  current, 
four  meters  are  necessary.  In  the  case  of  synchronous  convert- 
ers, or  motor-generators  other  than  d-c.  to  d-c.,  the  number  is 
increased  to  at  least  seven  and  possibly  ten,  all  of  which  enter 
directly  into  the  result.  In  addition  to  the  measuring  instru- 
ments a  number  of  series  and  potential  transformers  are  usually 
required.  These,  however,  may  be  very  accurately  calibrated 
provided  the  proper  equipment  is  available,  and  can  be  depended 
on  to  hold  their  calibration  well.  The  name-plate  ratio  in  the 
case  of  current  transformers  when  used  at  from  70  to  100  per 
cent  of  their  rated  load  is  only  accurate  within  one-half  of  one 
per  cent.  Potential  transformers  when  properly  compensated 
may  be  considered  accurate  to  three-tenths  of  one  per  cent. 

Errors  in  reading  indicating  instruments  vary,  depending  to  a 
large  extent  on  the  variations  in  the  circuit  in  which  they  are 
connected.  The  ideal  condition,  of  course,  is  where  the  charac- 
teristics of  the  circuit  permit  the  indicator  of  the  meter  to  move 
at  once  to  its  proper  location,  and  remain  there  as  though  fixed. 
In  such  cases  the  error  is  due  to  the  inability  of  the  average 
reader  to  locate  the  indicator  closer  than  to  possibly  0.1  of  a  di- 
Wsion.  This  wotild  introduce  an  error  of  approximately  0.13 
per  cent  in  the  reading  if  taken  at  about  the  middle  of  a  scale  of 
150  divisions.  Such  an  error  could  readily  be  neglected  if  occur- 
ring in  one  meter  only,  but  if  such  an  error  should  exist  in  each 
of  the  meters  used  and  the  effect  were  cumulative  with  respect 
to  the  final  result,  it  is  evident  that  the  error  would  soon  be  of 
considerable  magnitude. 

This  ideal  condition,  however,  may  be  said  never  to  exist,  the 
nearest  approach  to  it  being  in  cases  where  the  source  of  power 
is  not  more  than  one  step  removed  from  a  well  regulated  prime 
mover  on  which  there  is  no  variable  load,  and  liberally  designed 
grid  resistances  or  a  water  rheostat  used  to  absorb  the  power  out- 
put of  the  apparatus  under  test.  Under  this  condition  the  point- 
ers of  the  meters  will  swing  back  and  forth  over  a  small  part  of 
the  scale,  perhaps  only  a  division  or  two.  The  effort  of  estima- 
ing  the  position  of  the  pointer  is  added  to  the  former  effort  to 
divide  up  the  space  correctly.  The  liability  to  error  therefore 
is  increased  materially. 

However,  under  the  usual  conditions  met  with  in  conrunerdal 
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work,  power  must  be  taken  from  generators  serving  many  other 
machines,  the  load  on  which  is  likely  to  be  quite  variable.  Load- 
ing these  machines,  especially  the  larger  sizes,  on  water  rheostats 
or  resistances  is  not  a  desirable  economical  proposition.  Load- 
ing-back methods,  therefore,  are  ordinarily  resorted  to,  so  that 
only  the  losses  have  to  be  supplied  from  the  prime  mover.  Un- 
der such  conditions  the  swinging  of  meter  pointers  will  be  greatly 
increased.  It  not  infrequently  occurs  that  meters  must  be  read 
while  their  indicators  are  wandering  more  or  less  irregularly 
over  as  much  as  25  per  cent  of  the  scale.  That  errors  of  read- 
ing increase  much  more  rapidly  than  the  increase  in  length  of  the 
indicator  swing  is  not  at  all  improbable,  though  no  accurate  data 
are  available  as  to  the  probable  law. 

If  there  were  no  compensation  of  errors,  consistent  results 
from  data  obtained  under  such  conditions  would  be  out  of  the 
question.  It  may  be  proved  by  certain  laws  of  mathematics 
that  the  probable  variation  of  the  average  of  a  number  of  read- 
ings differing  widely  among  themselves  is  but  little  from  the  true 
but  tmknown  value.  However,  the  accuracy  is  not  increased  in 
direct  proportion  to  the  number  of  readings,  but  in  proportion 
to  their  sqtiare  root,  so  that  very  little  is  gained  by  taking  more 
than  ten  or  fifteen  readings.  In  view  of  this  it  is  customary 
to  take  readings  in  series  of  ten,  a  simultaneous  reading  being 
taken  of  all  meters  involved,  at  intervals  of  about  ten  seconds, 
until  ten  are  obtained.  The  average  of  these  is  considered  as  the 
nearest  approach  to  the  true  value.  In  a  certain  case  where 
the  maximum  variation  from  the  mean  value  of  ten  readings 
was  1.5  per  cent,  the  variation,  as  computed  from  the  mathe- 
matical laws  previously  referred  to,  was  less  than  0.2  per  cent 
from  the  true,  but  unknown,  value.  This  would  all  have  been 
very  well  if  the  average  of  ten  other  such  readings  taken  under 
as  nearly  as  possible  the  same  conditions  had  not  given  1.7  per 
cent  difference  in  efficiency,  and  according  to  the  same  laws  was 
also  accurate  to  within  0.2  per  cent.  As  this  is  the  condition 
that  is  continually  arising,  it  is  evident  that  even  the  laws  of 
chance  can  give  us  very  little  help  in  the  solution  of  the  prob- 
lem. 

It  would  seem  as  though  an  actual  change  in  the  efficiency  of 
the  apparatus  had  taken  place,  due  possibly  to  a  change  in  opera- 
ting conditions,  or  in  the  constant  losses  of  the  machines.  But 
when  one  stops  to  analyze  the  magnitude  of  any  such  possible 
change  one  finds  a  considerable  discrepancy  still  unaccounted 
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for.  However,  such  changes  must  not  be  ignored,  especially  in  the 
case  of  tests  on  synchronous  converters,  where  the  total  losses 
are  but  a  very  small  i^roj^ortion  of  the  output  of  the  machine. 
To  make  sure  that  no  change  of  any  consequence  has  taken  place 
it  is  always  well  to  check  the  frictional  losses  both  before  and 
after  the  test.  This  also  insures  that  the  determination  of 
efficiency  by  separate  losses,  which  is  the  best  criterion  avail- 
able as  to  the  accuracy  of  the  input-output  test,  is  made  under 
identically    the    same   conditions. 

It  is  conceded  that  the  efficiency  by  the  **  summation  of 
losses  *'  is  not  the  true  operating  efficiency  of  the  apparatus,  as 
no  account  is  usually  taken  of  the  so-called 
**  load  "  or  '*  stray  *'  losses.     It  has  been       twe  ^-^ 
proposed  to  account  for  this   discrepancy 
by  a  system  of  factors  that  depend  for  their 
magnitude  on  the  type  of  apparatus.     As 
this  additional  loss  under  load  consists  of 
additional  core  and  copper  losses,  due  to 
distorted  field   effects  and  eddy  currents, 
it  is  suggested  that  the  factor  required  be 
applied  to  their  stmi.    In  another  paper*  at 
present  before  this  Institute,  the  magnitude 
and   determination  of  this  constant  have 
been  discussed  and  its  limits  experimentally  .c-4- 

determined  to  some  extent.  It  is  interest- 
ing to  compare  the  probabilities  of  error 
of  this  method  with  those  already  existing. 

Assume  a  concrete  case  of  a  500-kw. 
direct-current  generator  the  losses  of  which 
total  10  per  cent  or  50  kw.,  and  that  they  are 
measured  with  an  accuracy  of  2  per  cent.  Fig.   1 

Of  this  50  kw.,  70  per  cent.,  or  35  kw.,  will 

be  assumed  as  a  fair  value  of  the  sum  of  the  core  and  arma- 
ture copper  losses.  The  value  of  the  load  factor  for  normal 
load,  as  suggested  in  the  paper  previously  referred  to,  is  about 
1.3  for  direct-current  machines.  It  seems  that  this  can  be 
determined  within  db  2  per  cent  or,  in  other  words,  may  vary 
between  1.27  and  1.33. 

Using  the  values  assumed  above,  it  will  be  found  that  the  effi- 
ciency by  losses  at  normal  load  will  be  between  91.6  and  91.8 

*  Determination  of  Load  Loss   Correction   Factors  for  Rotating  Electric 
Machines,  by  E.  M.  Olin  and  S.  L.  Henderson;  page  479  of  this  volume. 
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and  after  appl>nng  the  load  factors,  allowing  for  the  above- 
mentioned  variation,  the  efficiencies  will  be  between  90  and  90.6 
per  cent. 

This  difference  depends  chiefly  on  the  ratio  of  the  sum  of  the 
core  and  the  copper  losses  to  the  total  loss.  As  this  ratio  de- 
creases with  the  larger  machines,  or  in  those  whose  total  losses 
are  a  small  proportion  of  the  outi)ut,  the  variations  are  reduced. 
The  input-output  test  shows  just  the  opposite  tendency,  for 
the  same  error  is  liable  with  small  losses  as  with  large  ones  and 
therefore  becomes  a  much  larger  factor  in  the  final  efficiency. 

The  foregoing  conditions  may  be  represented  graphically  as 
in  Fig.  1,  in  which  A  represents  the  probable  limit  of  error  in  an 
input-output  test,  conducted  on  stable  circuits  and  liberally  de- 
signed water  rheostats  or  grid  resistances,  in  which  all  possible 
precautions  have  been  taken.  The  limits  represented  by  C 
cover  the  probable  limits  of  error  where  this  test  is  taken  on 
commercial  circuits,  but  where  first-class  testers  are  reading  the 
meters  and  conducting  the  test.  Under  other  conditions  the 
results  are  entirely  too  variable  to  be  represented  in  such  a  dia- 
gram. The  limits  covered  by  B,  mark  the  probable  limit  of 
error  of  efficiencies  determined  from  losses,  in  connection  with 
correcting  factors,  in  which  the  correcting  factors  have  been  de- 
termined from  input-output  tests  as  conducted  in  the  manner  A , 
or  from  other  more  accurate  methods  whenever  possible.  D  rep- 
resents the  possible  variation  in  the  loss  efficiency. 

It  is  apparent  that  input-output  tests  under  the  best  con- 
ditions can  be  taken  with  a  considerable  degree  of  accuracy,  but 
does  the  additional  accuracy  gained  over  the  simple  method  sug- 
gested warrant  the  industry  incurring  the  larger  additional 
cost  of  equipment  and  labor  necessary  to  conduct  such  tests? 

Efficiency  values,  while  they  should  represent  average  opera- 
ting conditions  as  nearly  as  possible,  arc  of  especial  value  for  the 
comparison  of  the  product  of  different  manufacturers.  Methods, 
then,  that  can  be  standardized  and  easily  duplicated  should  be 
used  in  the  determination  of  this  value,  so  that  the  product  of  all 
will  be  on  the  same  basis. 
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Eniinetrs,  Ntw  York,  Ptbruary  27.  1913. 

Copyricht.  1913.    By  A.  I.  B.  B. 


BRUSH  FRICTION  AND  CONTACT  LOSSES 


BY  H.  F.  T.  ERBEN  AND  A.  H.  FREEMAN 


The  rapid  development  of  modem  electrical  apparatus  has 
necessitated  most  careful  selection  of  brushes  to  meet  the  vary- 
ing conditions  of  current,  voltage,  speed,  etc.,  which  in  turn  has 
required  a  very  thorough  study  of  their  characteristics  and  losses. 

The  present  Standardization  Rules  (Sections  103,  111,  112) 
fail  adequately  to  cover -this  most  important  subject,  and  appre- 
ciating the  necessity  for  more  definite  methods  of  determining 
brush  losses,  an  exhaustive  series  of  tests  has  been  conducted 
during  the  past  year,  results  of  which  are  herewith  presented. 

The  two  sources  of  loss  to  be  considered,  either  on  commutators 
or  on  collectors,  are  brush  friction  and  brush  contact  drop. 

Friction,  The  friction  of  two  bodies  in  sliding  contact  is 
governed  by — 1st,  the  nature  of  the  materials,  2nd,  the  pressure 
forcing  them  together.  The  actual  value  of  this  friction  (ex- 
pressed in  watts  or  h.p.)  can  only  be  determined  by  trial.  Theo- 
retically, the  magnitude  of  the  friction  loss  between  two  materials 
varies  directly  with  the  pressure  and,  therefore,  the  ratio  of  the 
force  tending  to  retard  the  relative  movement  of  the  two  bodies 
to  the  force  pressing  them  together  (coefficient  of  friction)  should 
remain  constant  for  all  pressures  less  than  that  producing 
crushing  or  grinding  of  the  materials. 

Determination  of  Friction,  To  determine  the  coefficient  of 
friction,  a  commutator  was  mounted  on  a  shaft  directly  driven 
by  an  adjustable  speed  motor  of  such  size  that  the  maximum 
total  load  was  less  than  the  rated  capacity  of  the  motor.  As 
many  brushes  as  possible  were  assembled  on  the  commutator  in 
order  that  the  brush  friction  might  be  a  large  part  of  the  total 
load.    Tests  were  made  on  numerous  grades  of  brushes,  in  vari- 
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ous  types  of  brush  holders,  operating  in  both  directions  of  rotation 
and  through  wide  ranges  of  speed  and  pressure.  The  data  thus 
obtained  give  the  friction  of  brushes  when  carried  in  commercial 
brush  holders.  We  are  not  yet  prepared  to  give  the  full  and 
complete  results  of  these  tests,  as  many  of  the  results  are  now 
being  verified.  We  show,  however,  on  Curve  1  the  coefficient  of 
friction  obtained  at  various  speeds  with  one  type  of  graphite 
brush  operated  at  an  angle  of  37^  deg.  leading.  Fig.  1  shows  what 
is  meant  by  various  angles,  leading  and  trailing. 

Test  was  also  made  to  show  the  effect  of  temperature  on  cocffi- 
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Fig.  1 


cient  of  friction  by  enclosing  a  commutator  in  an  asbestos-lined 
box,  placing  resistance  grids  under  the  commutator  for  a  source  of 
heat  and  piping  a  blower  to  the  box  to  regulate  and  hold  the 
temperature  at  various  values.  Tests  were  made  at  various  speeds 
and  at  40,  60,  75  and  100  deg.  cent.,  and  it  was  found  that  the 
change  in  input  to  motor  over  wide  ranges  in  temperature  was  so 
slight  as  to  be  negligible  in  commercial  applications. 

We  will  later  present  similar  curves  showing  coefficient  of 
friction  values  with  variousftypes  of  brushes  when  operated  at 
different  angles. 
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Appluation  oj  Data  on  Brushes,  Assuming  the  coefficient  of 
friction  as  shown  on  curve  to  be  applicable  to  the  type  of  brush 
holder  used,  the  friction  should  be  calculated,  as  follows: 


PX5XFXFX746 
33,000 


=  W 


When  W  =  Watts  loss,  brush  friction. 

P  =  Total  applied  pressure  on  brushes. 

V  =  Velocity,  commutator  or  ring,  in  ft.,  per.  min. 

F  =  Coefficient  of  friction. 

5  =  Sine  of  angle  A  (Fig.  1). 
For  example,  on  a  commutator  25  in.  (63.5  cm.)  in  diameter 
running  2500  ft.  (763  m.)  per  minute  with  60  grade  S  brushes 
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Curve  1. — Coefficient  of  Friction,  Grade  S  Brushes 

Angle  37  i  deg.  leading.    Approx.  2  lb.  per  brush  applied  pressure 

at  an  applied  pressure  of  2  lb.  (0.907  kg.)   per  brush  operating 
at  37J  deg.  angle. 

F  =  0.05  (Curve  1). 

5  =  0.783. 

„.        60  X  2  X  0.793  X  2500  X  0.05  X  746        ^.^       ^, 
W  = -.- =  270  watts 


Contact  Resistance.  Contact  drop  varies  with  the  character- 
istics of  the  materials,  with  temperature,  speed  and  pressure. 
Generally,  the  volts  drop  under  the  brush  which  is  positive  to  the 
rotating  element  (negative  brush  on  a  d-c.  generator)  is  greater 
than  under  the  brush  which  is  negative  to  commutator  (positive 
brush  on  generator.)    Curve  2  shows  average  volts  drop  with 
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carbon  and  graphite  brushes  on  grooved  commutator.  Curve  3 
shows  volts  drop,  positive  and  negative,  and  average  between 
them.     Curve  4  shows  combined  effect  of  temperature  and  speed 
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Curve  4. ^Effect  of  Temperature  and  Speed  on  Brush  Contact 
Drop — Graphite  Brush,  Grooved  Commutator 


4— UoraudU  CM  3. 

on  contact  drop  with  graphite  brushes.  Curve  5  shows  coeffi- 
cient of  friction  of  copper-graphite  brushes  such  as  metite, 
morganite  CM-3,  etc.    Curve  6  shows  contact  drop  with  copper- 
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graphite  brushes  or  same  grades.  The  data  on  contact  drop 
shoivn  on  accompanyitig  curves  give  the  average  of  the  drop  under 
brushes  of  both  polarities.  The  watts  loss  from  contact  resistance 
will  then  be 

CV  =W 
in  which  W  =  Watts  loss. 

C  =  Current  in  amperes. 

V  =  Total  volts  drop   (twice   volts   drop    shown   on 
curve). 


CuKVE  6.— Brush  Contact  Drop — Coppei-Graphite  Brushes 

AvefMe  of  poiitive  and  negative. 

2— Mo'ii'Iliiu'c'M's. 
a— Lecarbone  K  K  &.    ■ 

Summary 
It  is  apparent  from  the  foregoing  that  the  niceties  of  adjust- 
ment found  necessary  in  obtaining  coefficient  of  friction  show  the 
hopelessness  of  determining  the  true  friction  loss  by  the  method 
outlined  in  the  existing  Standardization  Rules.  It  is  evident 
that  in  measuring  brush  friction  by  reading  the  input  to  the 
machine  with  brushes  up  and  brushes  down  there  is  a  great  ele- 
ment of  error  due  to  the  fact  that  the  value  of  brush  friction  is 
such  a  small  percentage  of  the  total  input.  It  would,  therefore, 
seem  obvious  that  the  Standardization  Rules  should  be  so 
amended  as  to  allow  the  determination  of  brush  tosses  by  calcu- 
lation from  data  which  have  been  obtained  by  the  most  reliable 
methods  and  approved  by  the  Institute. 


A  paP4r  presented  at  the  Midwinter  ConviU' 
tion  of  the  American  Institute  of  Electrical 
Engineers.  New  York,  February  27.  1913. 

Copyright,  1913.     By  A.  I.  E.  E. 


METHODS   OF    DETERMINING    BRUSH   LOSSES   DUE 

TO  CONTACT  AND  FRICTION 


BY    H.    R.    EDGECOMB    AND    W.    A.    DICK 


1 — Determination  of  Contact  Voltage  Losses 

I.  Introductory,  Losses  in  voltage  at  the  brushes  of  an  electric 
machine  are  caused  primarily  by  high  resistance  contact  between 
the  brushes  and  the  rotating  element  (slip  ring  or  commutator). 
Augmenting  this  contact  resistance  voltage  loss  there  is,  as  stated 
by  F.  W.  Carter,  in  Electrical  World,  Jime  29,  1912,  an  ionization 
voltage  induced  at  the  point  of  contact  between  the  brush  and 
the  rotating  part. 

The  value  of  the  voltage  loss  resulting  from  these  two  causes 
is  affected  by:  (a)  composition  and  physical  characteristics  of 
brush;  (b)  composition  and  surface  of  rotating  part;  (c)  fit  of 
brush  in  holder;  (d)  brush  pressure;  (e)  peripheral  speed  of 
rotating  part;  (f)  specific  resistance  of  brush;  (g)  design  con- 
ditions which  control  reversal  of  current  under  brush;  (h)  tem- 
perature; (i)  humidity;  (j)  current  density;  and  (k)  lubrication. 
The  first  seven  of  these  may  be  made  constant  for  a  given  test, 
the  last  four  are  more  or  less  variable.  It  is  the  fact  that  the 
test  readings  indicate  the  composite  effect  of  these  variables  that 
makes  them  so  difficult  to  analyze.  This  has  led  certain  brush 
manufacturers  to  slate  that  they  are  fortunate  if  they  can 
check  results  within  25  per  cent.  Our  experience  bears  out  this 
statement.. 

II.  Apparatus,  The  ideal  test  apparatus  for  determining 
voltage  losses  due  to  contact  should  have  facilities  for  varying 
pressure,  speed,  composition  of  rotating  part,  temperature, 
humidity,  current  density  and  lubrication,  and  for  accurately 
meastiring  degree  of  variation.     Specific  resistance,  composition 
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of  brush  and  design  conditions  are  of  course  constant  for  any 
given  test.  The  range  of  variation  should  be  as  follows:  brush 
pressure,  0  to  10  lb.  per  sq.  in.  (0  to  733  g.  per  sq.  cm.) ;  peripheral 
speed,  500  to  10,000  ft.  (152  to  3048  m.)  per.  min. ;  composition  of 
rotating  part,  copper,  brass,  bronze,  steel  and  cast  iron  for  col- 
lector rings  and  copper-mica,  plain  and  undercut,  for  commu- 
tators; temperature,  up  to  100  deg.  cent.;  humidity  up  to  100 
per  cent  saturation ;  current  density  up  to  the  glowing  point  of 
the  brushes  being  tested.  Amount  of  lubrication  may  be  meas- 
ured by  weight.  It  is  assumed  that  apparatus  for  these  tests 
must  be  sufficiently  massive  to  prevent  vibration  and  that  the 
electric  circuits  should  be  of  ample  cross-section.  Apparatus 
should  be  direct-connected  to  a  source  of  power  in  preference  to 
being  belted,  as  the  variation  in  speed  and  the  vibration  due  to 
the  belt  sometimes  seriously  affect  the  test. 

Most  testing  outfits  are  arranged  to  provide  for  measuring  all 
these  variables  and  for  controlling  all  except  humidity  and  tem- 
peratttfe.  Humidity  has  such  an  important  part  in  voltage  losses 
that  unless  it  is  controlled  the  record  of  a  test  will  be  seriously 
affected,  and  as  far  as  we  know,  no  attempt  to  do  this  has  been 
made  up  to  this  time.  For  the  control  of  temperature,  however, 
Dr.  Arnold  has  used  an  electrically  heated  collector  ring  and  his 
researches  as  recorded  in  Elektrotechnische  Zeitschrifi,  March  21, 
1907  have  established  a  very  useful  set  of  facts  concerning  effect 
of  temperature  on  commutation. 

The  apparatus  used  in  getting  the  results  later  referred  to  (Pigs. 
1  and  2,)  consists  of  a  d-c.  generator,  the  commutator  of  which 
has  its  bars  short-circuited  by  a  number  of  turns  of  copper  wire 
soldered  around  the  neck.  Six  ingoing  and  six  outgoing  brushes 
were  used.  These  were  well  plated  and  shunted.  Fine  copper 
wire  was  bound  tightly  into  a  groove  around  the  brush  near  the 
contact  point  and  insulated  leads  were  brought  out  along  a 
beveled  comer  of  the  brush.  A  power-operated  controller  con- 
nected the  brushes  consecutively  with  a  graphic  voltmeter  mak- 
ing records  of  about  15  sec.  duration  for  each  brush.  The  re- 
tiu^  was  through  a  copper  leaf  brush  bearing  on  the  shaft  which 
was  grounded  to  the  commutator.  The  records  consisted  of  a 
series  of  dots,  and  indicate  quite  acciu*ately  the  range  of  travel 
of  the  voltmeter  needle. 

Temperature  measurements  were  made  with  the  potentio- 
meter, using  thermocouples  inserted  in  the  brushes  near  the  con- 
tact surface.  Current  was  measured  by  an  indicating  ammeter. 
Htunidity  was  measured  by  a  hygrodeik. 
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The  graphic  meter  was  frequently  calibrated  and  on  its  record 
strip  was  entered  the  log  of  the  test,  including  current  density, 
voltage  drop  for  each  brush,  temperature,  humidity  and  indi- 
vidual brush  pressure. 

Ill — Surface  Variations,  In  addition  to  the  variations  in 
brush  drop  due  to  causes  previously  mentioned,  the  graphic 
meter  has  identified  two  other  sources  from  either  of  which  there 
might  be  at  least  50  per  cent  variation  on  voltage  loss. 

At  the  beginning  of  the  test  the  brushes  were  fitted  as  carefully 
as  possible  and  the  machine  was  run  for  a  day  without  load 
to  insure  a  good  brush  contact.  The  current  was  then  applied 
and  after  a  steady  temperature  was  attained  it  was  noted  that 
the  voltmeter  showed  relatively  small  momentary  fluctuation. 
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about  6  per  cent  (Fig.  3.)  The  test  was  continued  for  13  hours 
and  during  this  time  the  fluctuation  increased  to  29  per  cent. 
This  was  checked  several  times  by  running  the  commutator  with- 
out current  for  about  ten  hours  and  repeating  test  with  practically 
the  same  results.  During  these  tests  nothing  was  done  to  the 
surface  of  the  commutator. 

It  is  evident  that  this  fluctuation  in  voltage  drop  is  related  to 
the  stirface  condition  of  the  brush  due  to  the  passage  of  ciurent, 
as  it  was  controlled  by  polishing  the  brush  without  voltage.  We 
may  assume  that  a  disintegrating  action  takes  place,  due  to 
the  passage  of  ctirrent,  which  either  reduces  the  actual  surface 
contact  or  which  momentarily  separates  the  brush  from  the 
commutator,  or  which  causes  migration  of  the  points  of  contact 
over  paths  of  greater   or   less   resistance. 
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The  second  source  of  variation  has  to  do  with  the  surface  con- 
dition of  the  commutator.  After  a  week's  nm  with  current  on, 
when  conditions  have  become  as  stable  as  possible  the  commutator 
was  wiped  with  clean  filter  paper  and  the  removal  of  the  surface 
coating  caused  an  instantaneous  increase  in  the  voltage  drop, 
particularly  at  the  ingoing  brush.  Return  to  normal  conditions 
occurred  in  about  an  hour.  Analysis  of  the  material  removed 
showed  it  to  be  all  carbon,  none  of  the  copper  oxide  having  been 
removed. 

As  a  probable  explanation  of  this  phenomenon  it  is  suggested 
that  the  fine  carbon  dust  which  adheres  to  the  commutator 
serves  as  a  plastic  medium  between  brush  and  commutator, 
adjusting  itself  to  each  brush,  giving  better  contact  and  less  volt- 
age loss. 

These  two  causes  of  variation  are  brought  out  because  they 
must  be  reckoned  with  in  any  test  for  contact  voltage  loss.  It  is 
essential  to  accurate  results  that  all  tests  be  made  under  the  same 
conditions  and  this  implies  the  avoidance  of  the  unstable  periods 
referred  to. 

Another  effect,  perhaps  of  minor  importance,  was  recorded  by 
the  graphic  meter.  At  one  time  the  room  was  filled  A\'ith  dust,  and 
this  caused  a  very  marked  amplitude  in  the  voltage  fluctuations, 
probably  due  to  the  introduction  of  the  particles  of  dust  under 
the  brush  and  its  consequent  separation  from  the  commutator. 

IV.    Variation  Due  to  Materials  aftd  Operating    Cofuiitions. 

a.  Composition  and  physical  characteristics  of  the  brush: 
Relative  density,  proportion  of  graphitic  to  plain  carbon,  the 
percentage  of  metal,  the  percentage  of  non-conducting  abrasive 
material  in  the  composition,  and  the  temperature,  time  and  man- 
ner of  firing,  all  play  an  important  part  in  determining  the  con- 
tact voltage  loss. 

b.  Composition  and  surface  of  rotating  part:  Voltage  loss 
will  be  less  for  material  which  does  not  form  a  non-conducting 
oxide  on  its  surface.  It  was  noted  that  brass  collector  rings  con- 
taining zinc  became  coated  with  an  oxide  which  increased  the 
contact  resistance.  The  oxide  was  removed  with  acid  and  the 
resistance  reduced.  Voltage  loss  is  probably  increased  by  the 
glaze  or  polish  which  results  from  operating  a  machine. 

c.  Fit  in  holder:  Continuous  contact  between  brush  and 
rotating  part  is  seriously  affected  by  the  inaccuracies  of  fit  of 
the  brush  in  the  brush  holder. 

d.  Brush  pressure:     It  is  the  practise  of  brush  manufactur- 


1913] 


BRUSH  LOSSES 


ers  to  make  contact  drop  tests  at  the  pressure  considered  most 
suitable  for  the  brush  being  tested,  and  for  this  reason  very  few 
data  on  the  effect  of  brush  pressure  arc  available.  It  is  known, 
however,  that  contact  voltage  loss  varies  inversely  with  brush 
pressure  and  as  increased  pressure  causes  increased  friction, 
the  resulting  temi»eraturc  rise  should  further  decrease  the  voltage 
loss. 

e.  Peripheral  speed:  Contact  voltage  loss  will  increase  with 
peripheral  speed  because  the  contact  between  the  brush  and 
rotating  jiart  will  )>c  made  less  intimate  by  the  incrca.sed  jumping 
of  brush  due  to  irregularities  on  the  surface  of  n)tatinf;  part. 
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f.  Specific  resistance  of  brush:  Contact  voltage  loss  may  be 
expected  to  vary  with  the  specific  resistance  of  the  brush. 

g.  Design  condition>:  This  feature  is  not  considered,  as  it  is 
outside  the  scope  of  this  paper. 

h.  Temperature:  The  temj>crature  effect  accompanying  the 
passage  of  current  through  a  brush-commutator  circuit  is  shown 
in  Fig.  4.  The  maximum  efficient  temperature  appears  to  be 
determined  either  by  the  glowing  jwint  of  the  carbon  or  by  the 
amount  to  which  the  specific  resistance  of  the  brush  can  be  re- 
duced by  heating  and  nut  cause  excessive  sparking  due  to  short- 
circuited  coils  under  the  brush.  The  most  efficient  point  may, 
however,  be  higher  than  it  is  desirable  to  use  in  actual  practise. 
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i.  Humidity;  Pig,  5  shows  a  somewhat  remarkable  relation 
between  contact  voltage  loss  and  humidity.  In  a  run  of  fifty 
hours  the  contact  drop  curve  rises  and  falls  with  the  humidity 
curve.  The  fact  that  the  amounts  of  increase  and  decrease  are 
not  always  proportional  can  be  credited  to  other  definite  causes 
such  as  temperature,  surface  variation,  etc. 

]',  Current  den,sity:  Voltage  loss  will  increase  with  current 
density, 

k .  Lubrication :  The  use  of  local  lubrication  is  not  viewed  with 
favor  on  account  of  the  resulting  gumming  of  the  commuta- 
tor. Some  manufacturers  add  lubricants  to  the  brushes  by 
impregnation  and  graphitic  brushes  are  made  to  depend  upon 
their  graphite  for  lubrication.  The  effect  of  a  lubricant  upon 
contact  voltage  loss  is  clearly  a  question  of  the  conductivity  or 
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non-conductivity  of  the  lubricant  used.  Graphite  should  be  a 
less  harmful  lubricant  than  paraffin  for  this  reason. 

V  Conclusions  and  Recommendations.  When  the  tests  which 
have  been  recorded  in  this  paper  were  begun,  it  was  with  a  con- 
viction that  unless  the  variables  which  have  been  the  despair 
of  investigators  could  be  eliminated  or  controlled,  very  little 
profit  would  result  from  further  tests.  With  means  for  identify- 
ing and  controlling  these  variables,  we  believe  results  should 
check  within  6  per  cent  instead  of  25  per  cent,  and  if  brush  manu- 
factiu-ers  have  means  for  accurately  determining  the  character- 
istics of  the  brushes  now  being  produced,  they  will  certainly 
be  better  able  to  develop  new  brushes  having  better  character- 
istics. 

To  arrive  at  a  definite  figure  for  the  voltage  loss  due  to  con- 
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tact  which  may  be  expected  from  each  brand  of  brush,  it  is  essen- 
tial that  tests  be  made  under  uniform  conditions,  particularly 
as  to  brush  pressure,  peripheral  speed,  surface  conditions,  com- 
position and  diameter  of  rotating  parts,  temperature,  humidity 
and  current  density. 

Fig.  6  presents  a  typical  set  of  curves  for  recording  the  data 
pertaining  to  each  kind  of  brush.  These  include  the  more  im- 
portant characteristics:  current  density,  temperature,  pressure 
and  contact  voltage  loss.  Suitable  multipliers  are  to  be  used  to 
cover  composition  of  rotating  part,  speed  and  humidity. 

Because  of  the  limited  time  for  making  tests,  the  actual  voltage 
loss  values  for  the  principal  types  of  brushes  cannot  be  presented 
in  this  paper.  A  complete  statement  of  these  figures  may  be 
expected  at  a  later  date. 
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2 — Determination  or  Friction  Losses 
Primarily,  brush  friction  is  the  resistance  to  motion  which 
occurs  when  the  surface  of  a  revolving  commutator  or  slip  ring 
slides  against  the  surface  of  a  stationary  brush. 

The  problem  is  a  mechanical  one  and  its  discussion  should  con- 
sider: 

I.  The  friction  formula  with  reference  to  modifications  for 
dry  surfaces. 

II.  Test  methods  and  apparatus. 

III .  Convenient  units  for  expression  of  brush  friction  values. 

IV.  Effect  on  brush  friction  of  composition  of  revolving 
part  of  brush,  and  angle  of  brush,  of  surface  condition  of  revolv- 
ing part,  of  peripheral  spwd,  of  brush  pressure  and  of  contact 
area  of  brushes. 

V.     Proposed  formulas  and  typical  curves  for  use  of  d 
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I.  The  friction  formula  for  perfect  contact  conditions  is  ex- 
pressed as  follows: 

K    =  j^oT  F==  K  N 

in  which  K    =  coefficient  of  friction. 

F    =  force  required  to  make  one  body  slide  on  another. 
N    =   normal  pressure. 

In  the  case  of  dry  surfaces,  F  will  be  less  than  K  N  up  to  a  cer- 
tain value  for  iV,  after  which  F  will  rapidly  increase  until  seizure 
occurs.  This  feature  as  it  aflPects  seizure  docs  not  enter  into  usual 
brush  tests  because  the  pressures  arc  all  well  below  the  critical 
point. 

II.  Tests  for  brush  friction  have  been  made  in  two  ways:  1st, 
electrically,  by  measuring  watts  expended  in  overcoming  fric- 
tion of  brushes,  and  2nd,  mechanically,  by  weighing  directly  the 
friction  resistance  of  brushes  pressing  against  a  rotating  element. 

When  the  electrical  method  is  used  the  machine  under  test 
is  connected  to  a  source  of  power  ^^'ith  facilities  for  measuring  the 
power  used.  The  difference  between  the  power  required  to 
maintain  rotation  with  brushes  resting  on  rotating  element  and 
the  power  required  when  the  brushes  are  removed  is  the  result 
desired.  This  method  is  used  in  all  commercial  tests.  Too  manv 
variables,  however,  render  it  unfit  for  use  in  investigating  the 
laws  of  brush  friction.  We  have  noted  variations  of  100  per 
cent  within  a  few  minutes.  For  this  reason  the  comparison  of 
commercial  tests  on  a  large  number  of  machines  gives  very  little 
reliable  information. 

In  the  mechanical  method  the  brushes  are  supported  in  a  deli- 
cately balanced  cage,  mounted  on  ball  bearings  and  [provided  with 
an  arm  attached  to  a  spring.  This  spring  resists  the  tendency 
to  revolution  due  to  friction  of  brushes  and  its  extension  is 
measured  in  desired  terms  on  a  dial,  the  direct  reading  of  which 
eliminates  calculation  errors.  An  ap])aratus  of  this  kind,  as 
used  by  a  leading  brush  manufacturer,  is  shown  in  Fig  7. 

If  a  strict  comparison  of  the  coefiicients  of  friction  of  a  number 
of  brush  samples  is  desired,  more  accurate  results  will  be  ob- 
tained if  the  rotating  i")art  is  a  solid  ring,  preferably  copper,  with 
an  accurately  polished  surface.  It  must  be  rememberer:!,  how- 
ever, that  th(!  behavior  of  the  l)rush  on  this  nearly  ideal  surface 
will  be  diUerent  from  its  behavior  on  a  commutator  having  mica 
segments.     It  is  suggested  that  this  dilTerenee  be  accounted  for 
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by  a  system  of  multipliers  as  follows;  (a)  a  set  of  constants  rep- 
resenting the  difference  between  the  surface  of  the  test  appara- 
tus ring  and  the  surface  of  cast  iron,  steel,  bronze,  and  brass 
rings  and  of  copper  commutators,  all  assumed  to  be  as  well 
polished  as  the  test  ring;  (b)  a  set  of  constants  representing  the 
difference  between  the  surface  of  a  "  green  "  or  freshly  turned 
and  sandpapered  rotating  part  and  the  siu^ace  of  a  well  polished 
rotating  part;  (c)  a  set  of  constants  representing  the  difference 
in  friction  due  to  the  angle  of- the  brush. 

III.  The  results  of  brush  friction  may  be  expressed  in  three 
ways:  (a)  coefficient  of  friction,  the  value  of  which  may  be  com- 
puted from  readings  obtained  electrically  or  which  may  be  read 
directly  from  the  dial  in  the  mechanical  method,  (b)  watts 
consumed  due  to  brush  friction,  which  is  obtained,  as  stated,  by 
the  first  test  method,  also  by  calculations  to  be  mentioned  later; 
(c)  percentage  of  total  input,  calculated  from  (b). 

IV.  The  effect  of  materials  and  operating  conditions  may  be 
detailed  as  follows:  When  two  materials  slide  on  each  other,  their 
coefficients  of  friction  vary  with  the  nature  of  cither  or  both  of 
the  materials.  Each  of  a  large  number  of  carbon  brush  com- 
positions gives  a  different  coefficient  when  bearing  on  the  same 
revolving  part.  Each  of  the  materials  used  for  slip  rings  and 
commutators,  such  as  iron,  steel,  bronze,  and  copper,  gives  a 
different  coefficient  on  the  same  brush.  In  the  case  of  brush 
composition,  friction  increases  with  the  hardness  and  the  amount 
of  abrasive,  and  decreases  with  increase  of  graphite  and  with  the 
addition  of  other  lubricant.  Metal-carbon  brushes  have  more 
friction  than  plain  graphite  and  about  the  same  as  the  harder 
carbon  brushes,  the  friction  increasing  with  the  ])ercentage  of 
metal  in  the  brush.  Slij)  ring  friction  is  assumed  to  be  the  great- 
est for  cast  iron  and  least  for  copper,  values  for  the  metals  gener- 
ally used  decreasing  in  the  following  order:  cast  iron,  steel, 
bronze,  brass  and  cop])CT. 

Friction  is  lowest  when  Vjrushes  are  mounted  at  an  obtuse 
angle  with  the  approaching  surface  of  the  rotating  part.  It  is 
greatest  when  they  are  mounted  at  an  acute  angle  with  this 
approaching  surface.  Some  of  this  effect  is  due  to  the  contact 
of  the  brush  with  the  walls  of  brush  holder  when  the  box  type  is 
used. 

Friction  is  greater  when  the  surface  of  the  rotating  part  is 
rough  and  less  when  it  is  well  i)olished.  Increasing  peripheral 
speed  decreases  the  coefficient  of  friction,  and  friction  generally 
i  ncreases  with  brush  pressure. 


574 


EDGBCOMB  AND  DICK; 


IPeb.  37 


V.  In  the  preparation  of  formulas  and  curves  for  the  use  of  the 
designer  we  must  consider  the  six  variables  presented  under 
section  IV,  as  they  alt  affect  the  value  of  the  friction  coefficient. 
A  series  of  diagrams  is  proposed,  one  for  each  brand  of  brushes. 
These  diagrams  should  have  separate  curves  for  the  various 
pressures  to  which  the  brush  is  adapted  such  as  the  set  of  curves 
for  one  brand  shown  in  Fig.  8;  they  should  show  the  variation 
in  coefficient  due  to  change  in  peripheral  speed,  and  they  should 
give  the  factors  used  in  modifying  coefficients  to  agree  with  angle 
of  brush,  material  and  surface  condition  of  rotating  part. 

With  a  dependable  value  for  the  coefficient  of  friction  the 
power  consumption  expressed  in  watts  may  be  calculated,  using 
the  formula: 

watts  consumed  =  0.0226  PA  V  K 


a.  which  0.0226  represents  the  ratio 
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P  =  normal  brush  pressure  in  lb.  per  sq.  in., 
A  =  total  contact  area  of  brushes  in  sq.  in. 
V    =   peripheral  speed  of  rotating  part  in  ft.  per  min., 

and 
K    =   coefficient   of   friction    (adjusted   to   suit   con- 
ditions). 
In  this  connection  it  is  interesting  to  note  that  a  great  many 
formulas  are  extant,  mostly  empirical,  for  determining  watts 
■  nput.     Eight  of  these  now  in  use  were  applied  to  a  concrete  case, 
with  results  varying  from  910  to  3450  watts.     It  is  likely  that 
the  tolerance  of  these  widely  varying  formulas  is  explained  on  the 
ground  that  they  will  all  check  with  actual   tests  depending  on 
the  operating  conditions  existing  at  the  time  of  the  test. 

It  is  possible  that  other  values  might  be  profitably  substi- 
tuted for  "  Coefficient  of  friction,"  in  Fig.  H.     For  example. 
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"  watts  consumed  per  pound  pressure  per  inch  diameter  of  rotat- 
ing part  '*  would  put  the  values  into  convenient  form  for  use  on 
the  testing  floor. 

Because  of  the  limited  time  for  making  tests,  the  actual  friction 
coefl&cients  for  the  principal  types  of  brushes  cannot  be  presented 
in  this  paper.  A  complete  statement  of  these  figures  may  be 
expected  at  a  later  date. 

General  Conclusions 

In  discussing  brush  losses  due  to  contact  and  friction  we  have 
done  little  more  than  indicate  the  avenues  along  which  investi- 
gation should  proceed  and  the  nature  of  the  results  which  will  be 
useful  to  designing  engineers.  Some  troublesome  variables  have 
been  pointed  out,  the  controlling  of  which  should  materially 
increase  the  accuracy  of  results. 

Because  of  the  complexity  of  these  tests  and  the  length  of  time 
and  expense  of  apparatus  necessary  to  produce  dependable  re- 
sults it  may  be  argued  that  commercial  tests,  those  made  on 
machines  actually  in  coiu'se  of  manufacture  and  awaiting  ship- 
ment, should  be  suflicient  to  give  all  necessary  information. 
Otir  experience  in  attempting  to  correlate  results  of  such  tests 
and  establish  laws  therefrom  has  been  exceedingly  discoia'aging, 
and  we  are  convinced  that  improvements  in  the  design  of  elec- 
trical apparatus  as  related  to  brushes  and  in  the  quality  of  the 
brushes  themselves  must  result  from  the  establishment  of  more 
acctu*ate  values  for  the  losses  due  to  brush  contact  and  friction. 

There  is  also  every  reason  to  believe  that  accurate  values  thus 
established  will  be  found  so  much  more  reliable  than  actual  per- 
formance tests  that  they  will  be  substituted  for  such  tests  in  the 
majority  of  cases. 
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COMMUTATION  AND  BRUSH  LOSS 


BY    C.    E.    WILSON 


Even  when  made  on  slip  rings,  or  on  special  short-circuited 
commutators,  brush  loss  tests  are  hard  to  duplicate  and  results 
of  tests  under  similar  conditions  vary  greatly.  A  number  of 
things  are  known  to  affect  the  brush  loss  at  a  given  current 
density.  Among  these,  the  most  important  are:  the  direction 
of  current  in  the  brushes,  the  glaze  or  polish  of  the  collector,  the 
surface  and  fit  of  the  brushes,  oil  or  any  foreign  material  on  the 
collector,  the  tem])erature  of  the  parts  and  the  peripheral  speed 
of  the  collector. 

In  direct-current  machines,  there  arc  still  other  reasons  for 
variations  in  brush  loss.  It  is  likely  to  be  hicreased  by  high  mica, 
imequal  division  of  current  among  the  brushes  and  brush  arms, 
vibration  or  chattering  of  the  brushes,  imperfect  spacing  of  them, 
and,  above  all,  by  the  commutation  and  the  strength  of  the  mag- 
netic fields  in  which  the  short-circuited  coils  arc  commutated. 
In  fact,  tests  show  that  one  machine  may  have  two  or  three 
times  the  brush  drop  of  another  of  the  same  type,  although  the 
grade  of  brushes  and  the  apparent  current  density  in  them  are 
the  same.  Even  in  the  same  machine,  with  the  same  current  out- 
put, the  brush  drop  measured  at  the  different  brash  arms  and  at 
different  times,  may  vary  100  per  cent  or  more. 

Table  I  gives  the  tests  on  four  adjustable-speed  motors  of  the 
same  type,  at  the  maximum  and  minimum  speeds  for  which 
they  were  designed.  These  were  chosen  at  random  from  a  large 
number  of  tests  made  on  this  line  of  machines,  all  of  which  were 
equipped  with  the  same  grade  of  brushes. 

The  voltages  A ,  B  and  C  were  taken  at  different  points  on  the 
brush  and  commutator,  as  shown  in  Fig.  1,  and  were  measured 
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in  the  usual  way  with  a  low-reading  direct-current  voltmeter 
and  a  pair  of  pencil  points  making  contact  at  1-1,  2-2  and  3-3,  as 
shown.  The  current  densities  given  correspond  to  approximately 
one-half,  full  load  and  50  per  cent  overload  on  the  motors. 

The  data  recorded  in  Table  I  show,  principally,  the  extreme 
variations  in  brush  drop  found  in  commercial  testing.  These 
variations  can  usually  be  explained  by  one  of  the  causes  previously 
given.  The  overshadowing  influence  of  the  commutation  and 
the  commutating  field  on  the  brush  drop  is  also  shown  clearly. 
As  far  as  measuring  the  loss  is  concerned,  the  product  of  the  aver- 
age brush  drop  and  the  load  current  is  such  a  rough  approxima- 
tion that  it  is  often  practically  worthless.  In  some  cases  the  loss 
obtained  in  this  way  is  less  than  the  loss  measured  on  slip  rings 
and  short-circuited  commutators.    It  is  hard  to  see  how  this  can 
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WIDTH 


Fig.    1 


Fig.  2 


possibly  be  true,  as  all  the  things  which  affect  the  loss  in  machines 
tend  to  increase  it. 

It  should  be  remembered  that  the  primary  function  of  a  brush 
is  to  commutatc  and  collect  current.  Brushes  are  selected  for 
their  commutating  qualities,  primarily,  and  the  brush  loss  is  of 
secondary  importance.  The  commutation  is  first  made  right 
and  then  the  question  of  loss  is  considered.  A  machine  which  has 
a  high  short-circuit  or  reactance  voltage  demands  a  high-resist- 
ance brush,  especially  in  the  case  of  a  machine  without  compen- 
sating windings. 

In  the  case  of  an  ordinary  commutating  pole  motor,  a  reason- 
able value  for  the  total  inherent  short-circuit  voltage*  across  the 

•  Figured  according  to  the  method  given  in  Mr.  B.  G.  Lamme's  paper, 
A  Theory  of  CommulaUon  and  Us  Application  to  Commutatin  ^\Pole 
Machines,  Trans.,  A.  I.  E.  R.,  1911,  Vol.  XXX,  p.  2359, 
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brush  at  full  load,  is  15  volts.  Assume  that,  in  order  to  neutralize 
this  voltage,  the  ampere-tums  on  the  commutating  pole  must  be 
30  per  cent  in  excess  of  the  armature  ampere-tums,  or  a  total  of 
130  per  cent.  With  this  value  of  ampere-tums,  and  with  a  commu- 
tating field  of  the  proper  shape,  the  theoretical  curve  a  in  Fig. 
2  will  be  obtained.  If  the  ampere-tums  on  the  commutating 
pole  are  decreased  to  126  per  cent  of  the  armature  ampere-tums. 
the  neutralizing  voltage  will  be  decreased  to  13  volts  and  the 
motor  will  be  two  volts  under-compensated,  and  a  brush  curve 
such  as  6  in  Fig.  2  will  be  obtained.  A  local  current  will  then  flow 
in  at  one  bnish  tip  and  out  at  the  other.  This  curve  assumes  con- 
stant brush  resistance.  However,  the  actual  curves  approximate 
these  theoretical  ones  with  sufficient  accuracy  for  purposes  of 
illustration.  If  the  ampere-tums  on  the  commutating  pole  should 
be  increased  to  134  per  cent  of  the  armature  ampere-tums,  the 
motor  will  be  two  volts  over-compensated,  and  curve  c  in  Figure 
2  will  be  obtained.  Curves  b  and  c  show  two  volts  drop  at  the 
trailing  and  leading  brush  tips 
respectively.  On  the  assumption 
of  constant  brush  resistance,  this 
drop  of  two  volts  means  double 
current  density  in  the  tips  of  the 
brushes.  Experience  shows  that 
this  drop  and  current  density  are 
about  the  maximum  permissible 

with  ordinary  carbon  brushes,  if  the  machine  is  designed  to  carry 
a  reasonable  overload  with  perfect  commutation. 

To  obtain  this  desirable  adjustment  in  such  a  machine,  the 
commutating  pole  ampere-turns  must  be  correct  to  four  parts  in 
130,  or  within  approximately  3  per  cent.  If,  for  any  reason,  the 
effective  ampere-tums  on  the  commutating  pole  vary  indepen- 
dently of  the  armature  ampere-tums  in  excess  of  3  per  cent,  com- 
mutation trouble  is  likely  to  be  cxijerienced. 

The  voltage  across  the  brush  is  usually  measured  with  a  direct- 
current  voltmeter.  If  an  altema ting-current  meter  which  would 
read  correctly  on  high  frequency  were  used,  an  entirely  different 
reading  would  be  obtained  in  the  majority  of  cases.  This  is  due 
to  the  variation  in  the  short-circuit  voltage  which  occurs  during 
the  period  of  commutating  one  bar,  and  in  some  cases,  during 
the  commutation  of  the  bars  on  one  slot.  This  variation  in 
short-circuit  or  reactance  voltage  cannot  be  correctly  compen- 
sated by  a  conmiutating  pole  which  will  only  give  the  proper 
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average  values.  It  is  quite  apparent  that  a  different  condition  is 
encoiintered  when  the  brush  is  in  position  a  than  when  in  posi- 
tion b  in  Figure  3;  likewise,  when  the  brush  passes  from  bar  a  to 
bar  b  and  from  bar  b  to  bar  c  in  Fig.  4.  This  is  one  of  the  reasons 
why  the  brush  drop,  as  measured  on  machines,  is  so  variable  that 
tested  values  are  practically  meaningless  and  worthless  so  far  as 
measuring  the  loss  is  concerned. 

In  the  case  of  a  non-commutating  pole  machine,  it  is  still 
more  necessary  to  have  a  high-resistance  brush  if  the  short- 
circuit  voltage  is  high.  It  is  common  practise  to  shift  the  brushes 
of  a  non-commutating  pole  machine  from  the  mechanical  neutral, 
in  order  to  induce  a  voltage  in  the  short-circuited  coils,  due  to 
the  main  field  which  will  neutralize  the  short-circuit  voltage. 
A  fair  limit  for  the  short-circuit  voltage  across  the  brush  of  anon - 


Fig.   4 


commutating  pole  machine  at  full  load  is  six  volts.  Assuming 
high-resistance  carbon  brushes  with  constant  brush  resistance 
and  a  drop  of  1  i  volts  at  a  nominal  current  density  of  35  to  40 
amperes  per  square  inch  (6.45  sq.  cm.),  the  brushes  may  be  shifted 
into  an  active  field  which  will  give  five  volts  at  no-load,  and  a 
current  density  in  the  brush  tips  of  twice  the  normal  value.  A 
brush  ciu-ve  similar  to  a  in  Fig.  5  will  then  be  obtained.  At  full 
load,  this  five  volts  will  neutralize  all  but  one  volt  of  the  short- 
circuit  voltage  and  curve  b  will  be  obtained.  At  50  per  cent 
overload,  curve  c  would  be  obtained  with  approximately  three 
times  current  density  in  the  trailing  brush  tip  and  the  condition 
of  poor  commutation.  The  probable  limit  for  commutation  on 
such  a  machine  would  bo  25  per  cent  overload.  The  brush  loss 
in  this  machine  at  no-loa<l  would  Iw  considerable,  and  this  is 
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often  found  to  be  the  case,  as  shown  by  tests.  Often  the  no-load 
losses  are  decreased  much  more  by  raising  the  brushes  than  can 
be  accounted  for  by  the  decrease  in  loss  due  to  the  absence  of 
brush  friction.  Many  tests  have  been  made  to  measure  this  no- 
load  brush  loss,  and  it  has  been  fotmd  to  be  comparatively  large. 
In  the  case  of  curve  c  at  50  per  cent  overload,  Fig.  5,  the  loss  in 
the  tip  of  the  brush  would  be  approximately  nine  times  normal, 
and  would  tmdoubtedly  cause  glowing  and  honey-combing  of  the 
brushes. 

The  conunutation  of  non-commutating  pole  direct-current 
machines  has  often  been  improved  by  narrowing  the  brushes  and 
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Fig.   5 


Fig.  6 


increasing  the  apparent  current  density  in  them.  For  example, 
consider  the  brush  in  Fig.  6  to  be  reduced  from  f  in.  (18.9  mm.) 
to  i  in.  (12.7  mm.).  The  short-circuit  voltage  at  full  load  will 
then  be  approximately  four  volts,  and  curves  a,  b  and  c,  Fig.  6, 
will  be  obtained  at  no-load,  full  load  and  50  per  cent  overload 
respectively.  With  this  narrower  brush  the  loss  in  the  tips  of  the 
brushes  is  the  same  as  before,  but  the  total  loss  is  less,  because 
the  section  of  the  brush  has  been  reduced.  The  loss  at  full  load 
is  practically  the  same  as  before,  but  the  loss  at  50  per  cent  over- 
load has  been  reduced  so  that  commutation  might  be  satisfactory. 
Actually  the  improvement  is  greater  than  indicated,  due  to  the 
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fact  that  the  brush  does  not  have  a  constant  resistance,  but  has  a 
resistance  which  decreases  with  increase  in  current  density. 

The  writer  recently  had  this  relation  between  brush  drop  and 
the  commutating  characteristics  of  a  machine  forcibly  illustrated 
by  his  experience  with  a  line  of  small  six-volt  motors.  In  order 
to  improve  the  efficiency,  very  low  resistance  brushes  were  used. 
In  a  given  case,  the  short-circuit  voltage  was  0.75  volt  across  the 
brush  at  full  load.  The  commutation  was  perfect  with  brushes 
having  a  nominal  brush  drop  of  0.25  to  0.3  volt  at  a  current 
density  given  by  full  load  on  the  motor.  To  improve  the 
e£Sciency,  other  brushes  were  tried  having  a  drop  of  0.1  to  0.15 
at  this  same  current  density.  The  efficiency  by  brake  was  practi- 
cally thesame  for  both  cases,  showing  that  the  low-resistance  brush 
had  not  decreased  the  total  brush  loss.  Also,  the  commutation 
with  the  second  brush  was  poor  and  unsatisfactory.  This  same 
brush,  having  a  drop  of  0.1  to  0.15  volt  and  working  at  approxi- 
mately the  same  apparent  current  density,  gave  entire  satisfac- 
tion on  another  motor  which  .had  a  short-circuit  voltage  of  only 
0.35  volt  across  the  brush  at  full  load. 

On  the  previous  assumption  of  constant  brush  resistance,  and 
neglecting  the  increase  in  loss  due  to  variations  in  short-circuit 
voltage  during  the  period  of  commutation,  the  total  loss  which 
occurs  at  the  brush  can  be  calculated  from  brush  curves. 

Let  7i  =  Amperes  per  unit  area. 

El  =  Brush  drop  at  current  density  7. 
Et  =  Short-circuit  voltage  across  the  brush. 
A  =  Area  of  brushes. 

Then  the  brush  loss  on  a  short-circuited  commutator  would  be 

W  =  EiIiA 

When  a  local  current,  caused  by  the  short-circuit  voltage  £i, 
is  present  in  addition  to  the  useful  current,  the  loss  can  be  shown 
to  be 

Wt  =  £i  /i  A{^ -^ j   or,  if 


a 


=  "e^>  ^t  —  E\  I\A  I — r^ j  and  the  increase 


in  loss  will  be  Si  a*  per  cent. 
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Referring  to  curves  b  and  c  in  Fig.  2,  the  increase  in  loss  due  to 
the  local  currents  caused  by  the  two  volts  across  the  brush  will 
be  33i  per  cent.  Actually  the  increase  in  loss  with  such  a  brush 
curve  as  &  or  c  will  be  considerably  more  than  33 J  per  cent,  due 
to  the  decreasing  brush  resistance  with  increasing  current,  as 
previously  mentioned.  This  decreasing  brush  resistance  allows 
a  larger  local  current  to  flow,  which,  of  course,  increases  the  loss. 

Referring  to  curve  a  in  Fig.  5,  the  brush  loss  at  no-load  would 
be  133i  per  cent  of  the  loss  at  normal  full-load  current  density 
and  no  local  currents. 

There  appears  to  be  no  way  of  measuring  this  increase  in  brush 
loss,  or,  as  it  may  be  called,  commutation  loss.  In  the  average 
commutating  pole  machine,  this  increase  in  loss  probably  does 
not  exceed  50  per  cent,  but  it  may  be  very  much  greater  in  some 
cases.  Probably  the  most  satisfactory  method  of  dealing  with 
this  total  brush  loss  is  to  obtain  a  value  for  what  may  be  called 
the  true  brush  loss  from  data  obtained  by  tests  on  short-ciraiited 
commutators,  and  to  regard  any  increase  in  loss  which  may  occur, 
as  commutation  loss  or  part  of  the  load  losses. 
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Discussion  on  Group  II  Papers  (Methods  of  Determining 
Losses  in  Apparatus),  New  York,  February  27,  1913. 

(a)  Induction  Motors 

A.  E.  Averrett:  Regarding  the  separation  of  copper  losses, 
there  seems  to  be  a  tendency  on  the  part  of  some  users  to 
want  bar-wound  stators  on  account  of  the  ease  of  repair.  You 
can  make  a  bar-wound  stator  with  rather  deep  bars,  but  if 
you  have  a  rotor  that  is  bar-wound  also  and  assume  that 
the  losses  are  practically  all  in  the  rotor,  these  will  dis- 
appear at  synchronous  speed  and  you  will  apparently  have 
a  more  eflScient  machine  than  you  really  have,  if  all  the 
losses  are  taken  into  consideration.  But  you  can  actually  get 
the  loss  by  taking  out  the  rotor  and  measuring  the  impedance 
of  the  stator  alone  by  wattmeters,  which  will  show  up  the  losses 
correctly  if  the  tests  are  made  carefully. 

It  seems  to  me  that  the  present  method  of  summation  of 
losses  will  apply  only  where  the  impedance-ampere  curve  is  a 
straight  line  proportional  to  voltage  (which  shows  no  sattiration 
in  the  iron)  and  where  there  are  no  eddy  losses  in  the  stator 
copper,  which  can  be  shown  up  by  the  wattmeter  measure- 
ment at  impedance.  There  is  one  feature  about  a  deep  rotor 
bar  where  we  neglect  the  losses;  there  is  a  reduction  in  power 
factor  due  to  skin  effect  in  deep  rotor  bars  which  does  not  show 
at  standstill  test. 

B.  A.  Behrend:  I  want  to  make  a  plea  for  the  adoption  of  the 
term  "  stray  losses  "  instead  of  the  term  "  load  losses  "  or  losses 
incidental  to  operation.  We  tmderstand  by  "  load  losses,** 
as  the  term  is  used,  a  great  many  losses,  including  certain  losses 
which  occur  at  no-load,  losses  which  occur  in  certain  cases  at 
full  load,  and  losses  which  occur  at  both  no-load  and  full  load, 
and  I  think  the  adoption  of  the  term  **  stray  losses  *'  would 
be  a  little  more  logical.  We  have  a  certain  stray  loss  at  no- 
load,  we  have  a  certain  stray  loss  at  full  load,  and  instead  of 
the  use  of  the  term  "  load  loss,**  which  is  used  in  some  of  these 
papers  as  a  loss  occurring  at  no-load,  I  think  we  should  use 
the  term  "  stray  loss.**  I  believe  that  Mr.  Hobart,  who  sug- 
gested my  makmg  these  remarks,  agrees  with  the  substitution. 

C.  P.  Steinmetz:  We  are  particularly  interested  in  the 
magnitude  of  the  additional  stray  losses  which  we  have  at  load, 
and  we  are  only  in  a  less  measure  interested  in  the  stray  losses  at 
no-load.  These  latter  need  rarely  be  segregated  from  the  total 
losses  at  no-load.  We  need  a  satisfactory  name  for  those  losses 
which  appear  at  load,  and  are  not  accounted  for  by  the  usual 
methods  of  measuring  individual  losses.  *'  Load  loss  '*  is  rather 
a  poor  name,  because  there  are  many  other  losses  which  are 
accotmted  for  in  a  separate  test;  but  **  stray  loss**  does  not 
cover  it  exactly  either,  and  we  should  have  some  additional 
name. 
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James  Burke:  Following  Dr.  Steinmetz's  remarks,  would  it 
be  consistent  to  speak  of  "  stray  no-load  losses  "  and  "  stray 
load  losses?''  We  have  both  kinds  of  stray  losses.  These 
papers  show  that  in  some  kinds  of  motors  the  stray  load  losses 
may  be  very  considerable.  In  other  ty])es  they  may  be  very 
small.  Generally,  the  reduction  in  core  losses  due  to  the  drop 
in  the  stator  windings,  resulting  in  lower  total  magnetization, 
compensates  for  the  usual  load  stray  losses,  so  that  there  is 
not  very  much  to  be  taken  into  consideration  if  the  free  core 
losses  are  used  rather  than  the  corrected  core  losses  after  the 
reduction  in  the  magnetism  in  the  machine.  It  would  seem, 
however,  that  in  formulating  any  new  rules,  we  must  take  proper 
recognition  of  the  stray  load  losses,  because  from  these  papers 
it  is  evident  that  we  may  have  very  considerable  stray  load 
losses,  or  they  may  be  negligible,  and  that  fact  would  seem  to 
make  it  necessary  to  formulate  some  plan  by  which  they  would 
be  properly  taken  into  consideration  when  they  exist. 

H.  M.  Hobart:  We  ought  to  have  fotir  components  in  this 
proposition.  The  four  components  I  have  in  mind  are:  first, 
output;  second,  no-load  loss;  third,  the  load  loss  (by  which 
we  mean  the  legitimate  load  loss),  increasing  as  the  square  of 
the  cturent;  and  fourth,  what  we  might  call  *' stray  losses," 
that  is,  the  losses  which,  at  full  load,  we  must  add  to  these 
other  three  losses  in  order  to  get  the  input  at  ftdl  load.  This 
fourth  part,  which  we  iiave  been  apt  to  ignore  in  the  past,  and 
which  we  shall  probably  have  to  take  into  account  in  the  future, 
could  be  given  the  name  "  stray  losses,"  instead  of,  as  in  some 
of  the  papers,  being  termed  *'  load  losses."  I  should  prefer  to 
reserve  the  term  '*  load  losses  "  for  what  we  call  the  legitimate 
losses  coming  on  with  the  load. 

Leo  Schuler:  Does  Mr.  Hobart  propose  to  call  losses  due 
to  distortion  of  the  field,  stray  losses  as  well?  They  certainly 
are  not  stray  losses. 

H.  M.  Hobart:  For  practical  purposes  I  should  have  input, 
minus  output,  minus  no-load  losses,  minus  PR  losses,  coming 
on  with  the  load,  which  I  should  call  strav  losses. 

Lreo  Schuler:  You  then  include  losses  which  are  not  stray 
losses. 

Perhaps  it  will  interest  you  if  I  say  that  in  Germany  we  have 
the  no-load  losses,  which  include  also  strav  losses  if  there  are 
any,  and  then  speak  of  '*  additional  losses  "  simply.  Additional 
loss  means  the  loss  which  does  not  come  on  at  full  load,  and 
which  is  not  accounted  for  by  what  you  call  the  load  losses. 

B.  G.  Lamme:     Stray  losses? 

Leo  Schuler:  As  far  as  I  understand,  load  loss  is  better 
than  stray  loss. 

H.  M.  Hobart:  I  do  not  care  what  it  is  called,  if  we  do  not 
confuse  it  with  other  losses.  **  Extra  losses  "  would  be  a  good 
term. 

B.  A.  Behrend:  The  objection  is  to  the  use  of  the  term  "  load 
\oss.^*    It  is  not  implied  that  the  expression  *'  stray  "  is  such 


1913)  DtSCUSStOff  AT  NEW  YORK  5^9 

a  general  term,  but  it  might  be  as  good  a  one  as  any  other.  An 
objection  to  using  the  term  **  load  losses  "  is  that  in  an  equiva- 
lent test  it  might  mean  legitimate  losses  or  extra  losses. 

B.  G,  Lamme:  The  term  **  load  loss/*  as  Mr.  Behrend  says, 
is  a  very  misleading  one,  because  practically  all  our  secondary 
copper  loss  is  a  load  loss.  Practically  all  of  our  primary  copper 
losses  are  load  losses,  and  when  we  speak  of  load  losses  we  should 
include  all  these,  and  yet  what  we  are  after  is  the  additional 
extra  loss  which  we  call  the  "  stray  loss.**  I  do  not  think, 
whatever  other  term  we  use,  that  we  can  dispense  with  the  use 
of  that  term — ^after  we  have  described  our  **  load  losses,"  we 
will  still  have  use  for  that  term  **  stray  losses,**  or  some  other 
similar  term. 

A.  E.  Averrett:  I  believe  load  losses  are  included  in  the 
legitimate  copper  losses  and  legitimate  iron  losses,  plus  excess 
losses.  On  induction  motors,  these  losses  occur  only  on  the 
load  nmning  light.    There  is  no  excess  loss. 

R.  E.  Hellmund:  The  present  Institute  rules  are  not  quite 
right,  in  so  far  as  they  give  the  losses  in  too  general  a  way. 
These  papers  give  suggestions  as  to  the  method  of  determining 
the  losses  for  practically  all  cases,  with  the  possible  exception 
of  machines  with  entirely  closed  slots.  As  has  been  said,  such 
cases  are  comparatively  rare.  All  other  cases  can  be  taken  care 
of,  if  the  Committee  would  adopt  the  suggestions  made  in  the 
paper  of  Messrs.  Reist  and  Averrett,  and  the  paper  of  Mr. 
Dudley. 

It  might  appear  at  first  sight  that  Mr.  Dudley*s  suggestion 
of  finding  the  true  PR  loss  by  testing  the  motors  for  different 
frequencies  is  impracticable,  but  it  must  be  considered  that 
almost  any  factory  has  generators  available  with  at  least  two 
or  three  frequencies.  Since  the  method  is  on  the  other  hand  the 
only  method  proposed  for  finding  the  PR  losses  in  large  squirrel - 
cage  motors,  I  would  advocate  that  the  Institute  adopt  this 
method  as  one  of  its  standard  methods. 

C.  J.  Fechheimer:  Messrs.  Reist  and  Averrett  make  the 
following  statement:  "  Tests  have  been  made  which  verify 
the  above  statements;  round  wires  or  rectangular  strips  of  one 
cm.  or  less  for  a  maximum  dimension,  apparently  do  not  show 
any  appreciable  loss.'*  This  refers  to  eddy  current  losses  in 
copper  conductors.  I  would  call  attention  to  the  fact  that  eddy 
currents  are  a  function  of  the  frequency  and  increase  very 
rapidly  with  an  increase  in  frequency?  At  standard  frequencies 
the  loss  is  negligible  with  the  depth  of  conductor  given,  but  it 
would  be  possible  to  raise  the  frequency  higli  enough  to  cause 
a  very  large  eddy  loss  with  the  same  size  conductor. 

We  believe  that  the  method  which  is  mentioned  briefly  at 
the  end  of  this  same  paper,  that  is,  of  obtaining  the  losses  at 
various  frequencies,  would  be  the  proper  one  to  determine  the 
extent  of  the  eddy  losses.  If  we  go  down  low  enough  with  the 
impressed  frequency  the  eddy  current  loss  becomes  negligible 
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and  we  then  have  a  direct  means  of  measuring  these  losses 
with  accuracy. 

R.  E.  Hellmtind:  We  first  have  to  find  out  what  the  extra 
losses  are  at  standstill  and  then  separate  them.  Mr.  Dudley 
proposes  to  find  out  what  they  are  by  measuring  at  different 
frequencies  and  then  separating  them,  either  by  the  rule  of 
making  them  proportional  to  the  square  of  the  depth  of  the  con- 
ductor, or  by  taking  the  rotor  out  of  the  stator  and  testing  the 
stator  separately. 

There  are  two  steps  to  be  taken,  and  I  think  they  are  very 
proper  steps,  in  large  machines,  where  it  is  not  possible  to  get 
the  secondary  losses  by  slip  readings.  In  smaller  machines  I 
think  the  method  proposed  by  the  first  paper  is  very  desirable, 
that  is,  to  get  the  secondary  losses  by  slip  readings  and  the 
primary  losses  by  considering  the  PR  losses,  or,  in  the  case  of 
heavy  conductors,  by  making  the  additional  test  of  the  stator 
without  the  rotor. 

Comfort  A.  Adams:  I  want  to  say  a  word  in  favor  of  the 
German  name  translated  as  '*  additional  losses".  The  term 
*'  stray  losses  "  has  been  for  many  years  much  used  to  represent 
the  no4oad  losses,  that  is,  the  friction  and  windage  losses,  and 
losses  measured  when  the  machine  is  running  absolutely  light. 
Thus  in  order  to  avoid  confusion  it  seems  to  me  that  "  additional 
losses,"  a  perfectly  distinct  name,  would  be  more  appropriate. 
Referring  to  Mr.  Fechheimer's  question  as  to  iron  dot  bridges 
and  the  reduction  of  the  total  flux  at  full  load,  it  is  obvious 
that  if  you  mean  by  total  flux  the  useful  working  flux,  plus  the 
leakage  flux,  it  is  practically  constant  at  constant  impressed 
voltage,  differing  therefrom  by  only  the  IR  drop,  which  is  small. 
But  the  part  of  this  total  flux  which  is  increased  by  the  bridges, 
namely,  the  leakage  flux,  is  in  a  magnetic  circuit  of  relatively 
short  length,  and  involves  a  much  smaller  volume  of  iron, 
although  at  much  higher  density.  It  is  thus  impossible  to  say, 
definitely,  whether  the  bridges  would  increase  or  decrease  the 
total  core  losses. 

James  Burke:  I  want  to  answer  Professor  Adams's  |X)int 
regarding  the  difference  in  core  losses.  Very  often  on  motors 
below  10  h.p.  there  is  a  5  per  cent  reduction  of  e.m.f.  due  to  5 
per  cent  drop,  which  makes  about  5  per  cent  difference  in  core 
loss.  On  larger  motors  this  is  much  less,  but  in  motors  of  10 
h.p.  or  less  a  large  IR  drop  in  the  stator  generally  exists. 

Comfort  A.  Adams:  Mr.  Burke's  statement  is  undoubtedly 
correct,  but  if  the  resistance  drop  is  constant  for  any  given  load, 
say  full  load,  the  effect  of  the  slot  bridges  is  not  to  change  the 
total  flux,  but  to  increase  the  leakage  flux  at  the  expense  of  the 
main  flux,  as  above  described. 

B.  A.  Behrend:  It  seems  to  me  extremely  dangerous  to 
draw  an  inference  from  the  excess  over  an  assimied  rate  of 
increase.  We  are  familiar  with  the  fact  that  the  core  loss  in 
induction  motors  rises  at  a  greater  rate  than  the  square  of  the 
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impressed  voltage,  and,  therefore,  any  inference  based  on  the 
law  of  increase  as  suggested,  would  be,  to  borrow  a  phrase  used 
by  Mr.  Burke,  "  mind  reading  *'  rather  than  good  engineering. 

A  method  of  that  sort  seems  most  dangerous  to  me,  and  in 
this  connection  I  wish  to  second  the  remarks  made  by  Mr. 
Schuler  and  Professor  Adams  on  the  use  of  the  term  "  indeter- 
minate losses."  It  seems  from  the  discussion  that  the  use  of  the 
term  "  indeterminate  "  would  be  excellent,  because  no  one 
knows  how  to  determine  them. 

C-  P.  Steinmetz:  In  connection  with  Mr.  Behrend's  re- 
marks, I  wish  to  say  that  I  have  never  seen  any  core  losses  go 
up  faster  than  the  square  of  the  voltage,  or  even  as  fast  as  the 
square  of  the  voltage,  except  in  those  cases  where  there  was 
saturation  somewhere.  Practically  any  core  loss,  if  you  nm 
the  voltage  high  enough,  will  begin  to  rise  abruptly  at  the 
point  where  saturation  is  reached,  and  then  the  increase  goes 
up  according  to  powers,  ranging  from  the  square  to  the  cube  and 
sometimes  even  at  still  greater  rates.  The  abrupt  increase  of 
core  losses  beyond  the  quadratic  rate  at  high  voltages  is  an  in- 
dication that  sattu'ation  is  the  cause. 

In  view  of  the  general  experience  with  core  losses  in  commuta- 
ting  machines,  and  in  motors,  especially  in  the  commutating 
induction  motor,  we  must  expect  that  as  soon  as  saturation  is 
passed  anywhere,  we  will  have  an  abnormal  rise  of  core  loss, 
but  below  saturation  the  core  loss  does  not  go  up  as  the  square. 

B.  A.  Behrend:  I  do  not  question  the  approximate  truth 
of  the  1.6th  power  law  of  Dr.  Steinmetz's — but  this  is  not  a 
practical  condition  obtaining  in  any  generators  or  motors,  and 
therefore  the  core  loss  does  increase  more  rapidly  than  the  1 .  6th 
power  or  even  the  square,  at  high  inductions. 

C.  J.  Fechheimer:  I  plotted  a  number  of  core  loss  ctu-ves  on 
generators  far  below  the  saturation  point,  plotted  them  on 
logarithmic  paper  to  determine  the  exponent,  and  I  foimd  in 
a  number  of  cases  that  the  exponent  was  higher  than  2.  There 
were  a  couple  of  cases  below  2,  but  the  general  average  was 
around  2,  below  saturation,  and  I  have  never  been  able  to  account 
for  it. 

Comfort  A.  Adams:  The  reason  why  the  core  losses  behave 
so  erratically  in  the  case  of  induction  motors  is  that  they  are 
not  losses  which  occur,  as  in  transformers,  imder  conditions  of 
fairly  uniform  density  and  single  frequency.  There  are  at 
least  five  different  kinds  of  core  losses  in  an  induction  motor, 
or  five  ways  in  which  they  occur,  so  that  if  the  calcu- 
lations cotdd  be  made  it  would  require  five  separate  cal- 
culations. There  are  losses  at  fundamental  frequency  behind 
the  teeth,  at  fimdamental  frequency  in  the  teeth,  at  tooth 
frequency  in  the  teeth,  at  tooth  frequency  in  certain  portions 
of  the  core  back  of  the  teeth,  due  to  the  tooth  and  slot  group- 
ings on  the  two  sides  of  the  gap,  wave  losses  in  the  faces  of  the 
teeth,  and,  finally,  illegitimate  losses  due  to  the  breakdown 
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of  the  insulation  between  laminations.  It  is  thus  not  a  simple 
matter  to  compute  these  losses,  and  not  strange  that  they  do  not 
behave  according  to  the  manner  of  the  core  losses  of  well- 
behaved  transformers.  The  increase  more  rapid  than  the  square 
of  the  voltage  is  due  partly  to  the  wave  losses  in  tooth  faces 
and  partly  to  a  progressive  breakdown  of  lamination  insula- 
tion as  the  eddv  e.m.fs.  increase. 

B.  G.  Lamme:  In  some  cases  the  so-called  iron  losses  in- 
crease ver\'  rapidly  with  the  load,  and  also  very  rapidly  with 
the  induction.  I  have  found  many  cases  in  which  an  abnormal 
increase  in  apparent  iron  loss  occurs  with  only  slightly  increased 
inductions.  But  in  many  of  these  cases,  if  the  copper  was 
removed  from  the  slots,  the  loss  did  not  go  up  nearly  so  fast; 
that  is,  the  so-called  iron  loss  was,  in  reality,  largely  eddy  current 
loss.  The  confusion  comes  from  the  fact  that  where  iron  losses 
are  referred  to,  in  most  cases  the  term  "  core  loss  *'  should 
really  be  iised.  Part  of  the  extra  losses  found  may  be  true 
iron  losses,  but  are  eddy  currents  in  the  iron  due  to  burred 
edges  of  the  laminations  in  the  slot,  due  to  filing,  etc.;  they  also 
may  be  due  to  contact  between  the  plates.  Such  losses,  if 
located  in  the  armattu*e  teeth,  may  go  up  much  more  rapidly 
than  the  square  of  the  induction,  for  they  may  be  a  fimction 
of  the  tooth  sattu*ation.  I  have  foimd  cases  where  the  loss  went 
up  to  as  high  as  the  5th  power  of  the  induction,  but  this  was 
largely  eddy  current  loss  in  the  teeth  and  armature  copper, 
which  is  dependent  upon  the  degree  of  sattu'ation  of  the  arma- 
ture teeth.  In  fact,  therefore,  before  arriving  at  any  conclusions 
regarding  the  variation  of  the  iron  losses  with  the  voltage,  we 
should  first  find  what  really  is  iron  loss  and  what  is  something 
else. 

R.  B.  Williamson:  Mr.  Lammc  has  mentioned  the  paper  by 
Mr.  Field  on  eddy  currents,  in  which  the  eddy  current  losses 
in  conductors  were  shown  to  be  due  to  the  cross  flux  in  the  slot. 
In  slots  that  have  been  filed  or  drifted,  the  laminations  become 
more  or  less  connected  together,  and  the  cross  flux  may  set  up 
considerable  loss  in  the  side  walls  of  the  teeth.  A  machine  that 
shows  high  core  loss  on  open  circuit  will,  in  many  cases,  also 
show  a  high  short-circuit  loss;  that  is,  there  is  a  connection 
between  the  two,  and  I  believe  a  great  deal  of  this  loss  is  due 
to  eddy  currents  in  the  teeth,  or  in  the  side  walls  of  the  teeth. 

B.  A.  Behrend:  As  to  the  discrepancies  in  the  opinions 
expressed  by  Dr.  Steinmetz  and  myself,  let  me  say  that  core 
losses  are  not  iron  losses,  as  I  have  used  the  term,  and  as  I  believe 
most  of  us  are  using  it.  Core  losses  also  contain  indeterminate 
losses.  The  iron  loss  is  one  thing,  the  copper  loss  is  another, 
and  the  core  loss  may  contain  copper  losses  and  iron  losses  and 
losses  due  to  the  filing  of  cores  and  bad  workmanship,  as  well 
as  losses  due  to  stray  fields  from  magnetic  fields  in  the  end  plates 
or  anvwhere  in  the  machines.  I  think  that  as  we  measure  core 
losses,  and  not  iron  losses,  it  is  not  rational  to  talk  of  iron  losses,. 
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except  in  calculations.  This  seems  to  me,  from  twenty  years  of 
experience,  a  matter  of  course,  but  I  felt  constrained  to  point 
it  out,  as  the  iron  losses,  if  they  could  be  separated  and  isolated, 
would  not  increase  at  a  rate  greater  than  the  square  of  the 
induction.    The  core  losses,  however,  do  show  such  increase. 

C.  P.  Steinmetz:  I  would  sav  that  transformers  and  indue- 
tion  motors  for  60-cycle  circuits,  are  two  classes  of  apparatus 
in  w^hich  good  practise  keeps  the  magnetic  densities  below  satura- 
tion, or  certainly  does  not  let  them  go  beyond  saturation. 
Consequently,  changes  in  voltage  are  not  associated  with 
changes  in  the  flux  path.  As  long  as  there  is  no  change  of 
flux  path,  all  the  losses  must  be  dependent  on  the  voltage  or  the 
current.  The  eddy  losses  would  change  with  the  square,  the 
iron  losses  probably  less  than  the  square,  so  that  the  combined 
effect  cannot  exceed  the  square  of  the  voltage,  except  where, 
by  saturation,  the  flux  path  is  aHected. 

B.  A.  Behrend:  I  believe  there  arc  about  three  million  h.p. 
of  induction  motors  in  operation,  with  the  design  of  which  I 
have  been  concerned  in  one  form  or  another,  and  I  believe 
almost  all  of  these  induction  motors  carried  the  saturation 
above  the  bend  of  the  saturation  curve  in  the  teeth  of  the  rotor, 
and  also  in  parts  of  the  stator,  and  I  am  a  little. at  a  loss  to 
vmderstand  the  remarks  of  Dr.  Steinmetz  in  this  connection, 
because  saturation  is  almost  invariably  used  in  the  teeth  of 
the  rotors  of  induction  motors,  and  not  infrequently  in  other 
parts  of  the  magnetic  circuit. 

C.  P.  Steinmetz:  I  think  the  confusion  exists  in  the  indefinite 
meaning  of  the  term  saturation.  I  mean  such  densities  of 
saturation  that  the  m.m.f.  consumed  in  the  iron  is  of  the  same 
order  of  magnitude  per  unit  of  length  of  the  magnetic  circuit 
as  the  m.m.f.  consumed  in  the  air  gap.  That,  naturally,  would 
not  be  desirable.  Exceeding  the  bend  of  tlie  saturation  curve  is 
really  not  yet  saturation,  in  the  meaning  of  the  term  as  I  have 
used  it.  You  can  go  beyond  that  for  a  little  way  and  still  not 
seriously  increase  the  ]jroportionality  between  the  exciting 
current  and  the  voltage. 

H.  M.  Hobart:  Another  circumstance,  as  showing  our  ignor- 
ance of  this  subject,  could  be  mentioned.  If  in  the  laboratory 
you  measure  the  specific  resistances  of  two  samples  of  iron,  one 
of  high  and  the  other  of  low  specific  resistance,  the  eddy  ciurent 
loss  may  be  as  great  in  the  one  with  high  specific  resistance 
as  in  the  one  with  low  specific  resistance.  Pending  an  explana- 
tion of  this,  we  must  admit  that  we  do  not  know  much  about 
eddy  ciurent  losses. 

L.  T.  Robinson:  We  do  not  know  very  much  about  these 
things.  An  encouraging  sign  is  that  we  begin  to  take  an  interest 
in  them,  with  the  object  and  hoj^e  of  finding  out  more  about 
them. 

R.  E.  Hellmund:  It  lias  been  brought  out  tliat  the  core 
losses,  as  a  rule,  rise  with  the  square  of  the  voltage  impressed 
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on  induction  motors,  more  so  than  in  the  case  of  transformers. 
That  is  partly  due  to  high  densities  in  certain  parts,  but  I  take 
it  that  most  of  it  is  due  to  the  fact  that  the  largest  part  of  the 
losses  in  induction  motors,  of  practical  design,  are  eddy  current 
losses,  and  only  the  smallest  proportion  of  the  losses  are  hyster- 
esis losses.  In  considering  transformer  iron,  with  about  60 
cycles,  the  hysteresis  loss  is  pretty  large  as  compared  to  the 
eddy  loss.  In  the  case  of  the  induction  motors  the  hysteresis 
losses  are  in  many  motors  only  about  20  per  cent,  while  all  the 
rest  of  the  losses  are  eddy  current  losses,  caused  by  the  higher 
frequencies  in  the  teeth.  Now,  as  we  all  know,  the  eddy  losses 
go  up  with  the  square  of  the  voltage,  and  since  the  eddy  losses 
in  most  motors  are  more  than  half  of  the  total  losses,  it  is  not 
surprising  that  the  ciu^^e  follows  the  law  of  the  eddy  loss  rather 
than  that  of  the  hysteresis  losses.  It  is  therefore  really  not  sur- 
prising that  the  core  loss  curve  is  nearly  the  curve  of  the  squares, 
even  for  low  densities. 

B.  A.  Behrend:  Once  more  to  the  subject  of  sattiration,  and 
the  iron  losses,  where  hysteresis  alone  may  be  considered. 
Dr.  Ewing,  who  first  brought  out  the  general  principles  of 
induction  in  iron  and  other  metals,  suggested  to  Professor 
Baily  of  London  certain  physical  research  work,  the  results  of 
which  are  published  in  the  Transactions  of  the  Royal  Society. 
The  paper  of  Professor  Baily  is  fundamental,  and  he  proves 
that  rotative  hysteresis  diminishes  at  high  induction.  With  the 
induction  plotted  as  an  ordinate  and  the  loss  plotted  as  an  abs- 
cissa. Professor  Baily^s  researches  show  that  at  saturation, 
viz.,  4  7r  7  in  the  relation  B  =  H  +  4  tf  7  having  become  a 
constant,  the  loss  diminishes.  Whatever  induction  we  have 
below  or  beyond  that  point  is  the  induction,  B,  which  is  the  strni 
of  the  air  field  plus  the  iron  field.  This  was  experimentally 
demonstrated  in  Professor  Baily's  paper.  I  also  carried  on 
some  experiments  in  our  own  laboratories  about  eight  or  ten 
years  ago,  and  I  found  an  approximation  to  a  similar  result. 
We  eliminated  eddy  currents  as  nearly  as  possible,  and  we  found 
that  the  loss  diminished  at  high  inductions. 

M.G.Lloyd:  Mr.  Behrend  is  quite  right  in  his  reference 
to  the  experiment  of  Professor  Baily,  and  further  work  along 
the  same  line  has  been  done  by  others,  especially  by  Professor 
Weiss,  of  Zurich.  The  curve  between  watt  loss  and  magnetic 
flux  densitv  has  been  found  to  come  down  almost  to  zero  at 
sufficiently  high  values  of  the  flux  density,  but  this  applies 
only  to  a  case  where  you  have  a  purely  rotary  magnetic  field, 
constant  in  intensity  and  simply  changing  its  direction  in  the 
magnetic  material.  I  do  not  believe  that  such  a  condition  can 
be  foimd  in  any  kind  of  a  machine  such  as  an  induction  motor. 
You  always  have  there  a  combination  of  a  rotary  effect  with  a 
reversing  effect,  that  is,  you  have  pulsation  of  the  magnetic 
field  in  both  time  and  space.  In  a  case  like  that  the  law  illus- 
trated by  Mr.  Behrend 's  curve  no  longer  holds. 
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H,  M*  Hobart:  In  view  of  our  demonstrated  ignorance  in 
these  matters  of  hysteresis  and  eddy  current  losses,  we  must 
base  our  reasoning  on  the  results  of  tests,  and  we  shotdd  refrain 
from  basing  any  conclusions  on  deductions  from  old-fashioned 
conventional  alleged  truths  which  have  been  shown  to  be  not 
only  inadequate  but  utterly  misleading. 

R.  E.  Hellmund:  In  considering  the  field  distribution  in 
induction  motors,  we  must  not  only  consider  the  effect  of  the 
primary,  but  also  the  effect  of  the  secondary.  The  secondary, 
if  short-circuited,  has  a  correcting  effect  u|X)n  the  field.  This  is 
especially  the  case  in  squirrel  cage  motors.  For  instance,  a 
squirrel  cage  rotor  with  an  infinite  number  of  bars  will  always 
correct  the  field  so  it  will  have  a  sinusoidal  distribution,  no 
matter  what  the  initial  distribution  of  the  field  as  set  up  by  the 
primary  winding.  In  actual  practise,  the  correcting  effect  of  the 
secondary  with  a  limited  ntunber  of  slots,  will  be  such  as  to 
cause  the  field  distribution  to  be  very  nearly  sinusoidal.  We 
must  therefore  say  that  the  chording  of  the  primary  has  little 
influence  upon  the  actual  field  distribution,  but  that  it  will  have 
a  big  influence  upon  the  correcting  currents  in  the  secondary. 

In  other  words,  we  may  say  that  the  correcting  secondary 
currents  and  the  losses  caused  thereby  are  the  smaller,  the  more 
the  initial  field  set  up  by  the  primary  approaches  a  sinusoidal 
field. 

The  initial  primary  field  in  three-phase  motors  with  full 
pitch  is  not  quite  ideal  in  this  respect.  By  introducing  a  chord- 
ing sufficient  to  have  two  of  the  phases  overlap  half-way,  we 
obtain  an  almost  sinusoidal  primary  field  distribution.  By 
chording  the  coils  considerably  more  than  that,  the  field  becomes 
worse  again  and  will  be  the  same  as  in  the  case  of  full  pitch,  if 
two  of  the  phases  overlap  entirely.  In  two-phase  motors,  the 
initial  primary  field  with  full  pitch  windings  is  considerably 
worse  than  in  three-phase  motors,  but  also  in  this  case  phases 
overlapped  about  one-half  improve  the  initial  primary  field 
considerably. 

It  follows  from  the  above  that  while  the  chording  of  the 
winding  has  no  great  influence  upon  the  actual  field  distribution, 
it  is,  if  properly  chosen,  an  advantage  with  regard  to  the  opera- 
tion of  the  motor. 

James  Burke:    That  also  happens  in  the  loaded  conditions? 

R.  E.  Hellmtmd:  It  is  pretty  hard  to  say  just  exactly  what 
happens  in  the  loaded  condition,  but  my  previous  statements 
certainly  do  apply  to  the  synchronous  condition. 

Comfort  A.  Adams:  Mr.  Hellmimd's  statements  are  quite 
in  line  with  my  ideas  in  this  matter,  but  he  undoubtedly  2ts- 
sumed  one  condition,  which  he  did  not  mention;  that  is,  that 
the  correcting  effect  of  the  secondary  is  only  complete  under 
the  assumption  of  zero  resistance  and  reactance  in  the  secondary. 

R.  E.  Hellmund:  Yes,  this  assumption  has  to  be  made  in 
order  to  get  ideal  correcting  effect. 
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Comfort  A.  Adams :  In  most  squirrel  cage  motors  this  condition 
is,  of  course,  nearly  fulfilled .  If  you  had  zero  resistance  and  react- 
ance, evenly  distributed,  it  would  wipe  out  all  kinds,  no  matter 
what  the  e.m.f .  condition  was.  As  you  reduce  the  coil  pitch  below 
two-thirds  in  a  three-phase  motor,  say  to  50  \ytr  cent,  you 
might  assimie  that  there  would  result  the  same  i)erfect  m.m.f. 
distribution  as  for  \  pitch,  but  this  is  not  so,  because  the  currents 
in  the  overlapping  phases  have  larger  phase  differences  and  yield 
quite  different  amplitudes  in  adjacent  belts.  The  ]jhase  dif- 
ferences of  the  resxiltant  currents  in  the  various  belts  and  the 
number  of  belts  ( 1 2)  is  the  same  as  for  |  pitch,  but  when  you 
go  down  to  50  ]x*r  cent  pitch,  you  may  have  what  Mr.  Lamme 
has  indicated,  an  actual  local  reversal  of  the  flux. 

(6)  Transformers 

J.  M.  Weed:  The  two  papers  on  transformer  losses  are  in  a 
sense  complementary  to  each  other,  but  after  both  papers  are 
read,  there  are  some  discrepancies  api^arent  which  need  to  be 
harmonized,  and  some  points  which  still  need  to  be  brought  out 
to  clear  up  the  subject. 

The  paper  by  Messrs.  Fortescue  and  McConahey  mentions 
the  losses  due  to  eddy  currents  in  the  copper,  and  those  due  to 
circulating  or  unbalanced  currents  in  uns>Tnmetrical  parallel 
windings,  but  dismisses  them  with  the  statement  that  they  are 
negligible  in  careful  designs.  In  the  remaining  part  of  the  paper 
these  losses  are  ignored,  the  total  copper  loss  being  classified 
as  PR  loss  and  stray  loss  (see  section  V  of  the  paper) .  The  term 
stray  loss  is  confined  to  that  part  of  the  loss  in  the  ])rimary  wind- 
ing due  to  the  resultant  of  load  current  and  exciting  current 
which  is  in  excess  of  that  which  would  be  caused  by  the  load 
ciurent  alone  plus  that  which  is  caused  by  exciting  current 
alone.  In  equation  (24)  the  term  *^  short-circuit  loss  *'  is  used 
as  an  alternative  term  for  PR  loss,  and  is  intended  to  refer  to  the 
loss  which  would  be  caused  by  load  current  alone. 

On  the  other  hand,  Mr.  Lewis  calls  the  lovss  due  to  the  resultant 
of  load  and  exciting  currents  the  PR  loss,  and  classifies  the  extra 
losses  due  to  magnetic  leakage,  which  include  the  losses  due 
to  eddy  currents,  as  stray  loss.  Moreover,  the  extensive  tabu- 
lations of  tests  given  by  Mr.  Lewis  -show  that  these  losses  are 
often  far  from  negligible,  varying  as  they  do  from  a  small  value 
to  more  than  50  per  cent  of  the  PR  loss. 

This  discrepancy  in  the  use  of  terms  is  no  doubt  the  result  of 
efforts  on  the  parts  of  the  authors  of  both  papers  to  use  in  a 
rational  and  discriminating  way  the  old  stereotyped  terms  "  load 
losses  "  and  '*  strav  lOvSses,**  which  have  been  used  rather  indis- 
criminately  to  cover  a  multitude  of  sins.  This  effort  has  taken 
different  directions  in  the  two  cases. 

Messrs.  Fortescue  and  McConahev  have  confined  the  term 
"  stray  loss  "  to  a  rational  significance,  that  of  a  loss  which 
escapes    measurement.     This    applies    to    the  extra  loss  due 
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to  combining  the  load  and  exciting  currents,  but  not  to  the 
losses  due  to  magnetic  leakage. 

On  the  other  hand,  Mr.  Lewis  has  made  the  term  "  load  loss  " 
to  include  the  PR  loss,  which,  in  so  far  as  it  is  due  to  load  current, 
certainly  is  a  load  loss.  But  he  has  made  the  I'^R  loss  of  the 
primary  to  include  the  total  loss  due  to  the  resultant  of  exciting 
current  and  load  current.  This  loss  all  might  properly  be  called 
PR  loss,  but  not  all  load  loss,  since  that  element  of  it  due  to  excit- 
ing current  alone  is  included  in  the  open-circuit  or  "  no-load 
loss." 

Probably  the  losses  which  Mr.  Lewis  has  designated  as  stray 
loss  would  be  more  properly  designated  as  losses  due  to  magnetic 
leakage,  or  extra  losses  due  to  loading,  these  losses  being  included 
with  the  PR  losses  due  to  loading,  under  the  general  term  of 
load  losses,  as  Mr.  Lewis  has  suggested. 

I  would  make  a  similar  suggestion  with  respect  to  rotating 
machines  also,  where  the  same  difficulties  have  appeared  in  the 
rational  classification  of  losses.  The  resistance  loss  in  the 
armature  winding  docs  not  seem  to  be  logically  excluded  from 
the  term  load  loss.  Moreover,  the  losses  due  to  magnetic  leak- 
age, which  are  properly  included  under  the  general  term  of  load 
losses,  may  not  properly  be  designated  as  stray  losses,  since 
they  are  included  with  the  armature  resistance  loss,  windage 
and  friction,  in  the  short-circuit  core  loss.  The  results  of  tests 
given  in  the  papers  by  Messrs.  Foster  and  Knowlton,  and  by 
Mr.  Brainard,  seem  to  indicate  that  these  losses,  as  measured 
by  this  method,  are  not  "  greatly  exaggerated,"  as  stated  in 
section  115  of  the  present  rules,  but  that  they  are  approximately 
the  correct  losses  for  the  normal  load  condition. 

Returning  now  to  losses  in  transformers,  an  independent  dis- 
cussion of  the  various  elements  of  loss  and  their  classification  may 
be  useful.  I  will  begin  this  by  summarizing  these  elements, 
thus:  The  total  losses  of  the  transfonncr  may  be  divided  into 
those  due  to  excitation,  called  no-load  losses  by  Mr.  I^wis,  and 
those  due  to  load,  which  he  calls  load  losses.  The  former,  ordi- 
narily referred  to  as  open-cnrcuit  or  core  loss,  includes,  besides 
hysteresis  and  eddy  current  losses  in  the  core,  a  small  element  of 
resistance  loss  in  the  primary  winding  due  to  magnetizing  current 
and  a  dielectric  loss  in  the  insulation  which  is  very  small  in  low- 
voltage  transfonncrs,  but  may  be  quite  large  in  very  high  voltage 
transformers.  These  losses  should  be  measured  with  open 
secondary,  at  rated  frequency  and  rated  sine  wave  voltage  plus 
IR  (instead  of  rated  voltage  minus  IR) .  This  correction  of  sign 
will  be  approved  at  once  when  it  is  considered  that  the  rating 
of  the  transfonner  is  based  upon  its  output,  and  that  the  current 
rating  is  universally  calculated  from  the  name-plate  voltage. 
The  nameplate  secondary  voltage  must,  therefore,  be  taken  as 
the  full -load  voltage,  while  the  primary  applied  voltage  is  sup- 
posed to  be  in  excess  of  the  name-plate  primary  voltage  by  an 
amount  equal  to  the  transformer  drop.     The  excitation  of  the 
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.core  corresponding  to  full  load  at  100  per  cent  power  factor,  is, 
therefore,  the  name-plate  voltage  plus  the  percentage  of  PR 
drop  in  the  secondary  winding. 

The  load  losses  include  the  losses  due  to  magnetic  leakage  plus 
the  PR  loss  due  to  load  current  and  the  measured  resistance  plus 
the  extra  loss  due  to  the  combination  of  load  current  and  exciting 
current  in  the  primary  winding.  This  does  not  include  the  loss 
due  to  exciting  current  alone,  which  was  measured  with  the 
open-circuit  loss.  The  losses  due  to  magnetic  leakage  and  the 
PR  loss  due  to  load  current  are  included  in  the  measured  short- 
circuit  or  impedance  loss,  but  not  the  extra  or  stray  loss  due  to 
exciting  current.  This  loss  is  usually  very  small,  but  may  be 
included  by  a  correction,  based  not  on  the  total  short-circuit  loss, 
as  stated  in  equation  (24)  by  Messrs.  Fortescue  and  McConahey , 
but  on  the  PR  loss  due  to  load  current.  Moreover,  the  total  ex- 
citing current  does  not  enter  into  this  correction,  but  only  the 
fundamental  component  of  the  exciting  current.  The  correction 
may  then  be  made  exact,  including  the  effect  of  the  hysteresis 
angle,  by  the  formula: 

Total  loss  in  copper  —  loss  due  to  magnetizing  current 
alone  =  extra  loss  due  to  magnetic  leakage  +  resistance  loss 
due  to  load  current  X  [1  +  2  pq  (cos  d  cos  d'  +  sin  $  sin  $')]* 
where 


and 


nj/j 


q  =  - 


(^  '■)■'" 


total  resistance  loss  due  to  load  current 


•The  derivation  of  the  formula  given  above  for  correcting  PR  loss 
to  include  stray  loss  due  to  exciting  current  is  obtained  as  follows: 

Referring  to  Pig.  2,  page  602,  the  fundamental  component  of  exciting 
current, 

may  be  separated  in  two  components  a  and  b,  the  former  in  phase  with 
the  load  current,  the  latter  at  right  angles  to  it.  Represent  the  load 
current  in  the  primary  winding 

1%  by  c. 


The  total  loss  due  to  these  currents  is 

W  +  (ft  -f-  cy\  Ri  - 

(a*  +  6«  -h  c«  -f  2bc)  Ri 

The  loss  due  to  the  fundamental  component  of  exciting  current  alone 
is  (a*  +  b^)  Ri'  The  loss  due  to  the  harmonics  of  exciting  current  must 
be  added  to  this,  but  these  components  do  not  affect  the  extra  loss  due 
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and  where 

cos  d  =  power  factor  of  the  load 
and 

cos  0'  =  power  factor  of  (It)i 

(It)  I  =  fundamental  component  of  exciting  current 

With  10  per  cent  exciting  current,  which  is  the  maximum 
value  that  should  occur  in  practise,  the  fundamental  component 
would  probably  be  about  8  per  cent,  so  that  p  =  0.08.  Assum- 
ing a  core  loss  of  one  per  cent,  we  have  cos  d'  =  0 .  125,  and  sine 
0'  =  0. 993.  Assimiing  equal  resistance  losses  due  to  load  current 
in  the  primary  and  secondary  windings,  we  have  g  =  0.5. 
Now,  for  full  load  at  100  per  cent  power  factor,  the  correction 
for  stray  loss  due  to  magnetizing  current  becomes 

/»iex2X0. 08X0. 5X0. 125=0. 01  PR 

and  for  full  load  at  80  per  cent  power  factor, 

/»i?X2X0. 08X0. 5  (0.8X0. 125+0. 6X0. 993)  =0.056  rie 

Thus  the  maximum  correction  that  would  be  made  for  100  per 
cent  power  factor  load  is  about  one  per  cent  of  the  resistance 
loss  due  to  load  current,  and  this  becomes  about  5^  per  cent  for 
80  per  cent  power  factor  load.  It  appears  that  this  correction 
is  hardly  worthy  of  consideration  in  questions  of  efficiency. 
This  is  particularly  true  if  we  remember  that  the  rise  in  tem- 
perature of  the  windings  while  the  losses  are  being  measured  may 
produce  an  increase  in  the  loss  as  great  as  or  greater  than  the 
correction  which  we  are  considering. 

to  the  combined  exciting  and  load  currents.  The  total  PR  loss  in  primary, 
minus  the  loss  due  to  the  exciting  current  alone,  is 


Now 


(c» 

■f  2bc)  Ri 

b 

-  //./. 

cos 

(0'-0) 

= 

P     "* 

Hi 

-/2 

COS  (0'- 

_ 

pc  cos 

(0' 

0) 

whence  we  have:     Total  PR  loss  in  primary  loss  due  to  exciting  current 
alone 

-  cMl  +  2  />  cos  (0'  —  0)]  Ri. 

Adding  the  loss  due  to  load  current  in  the  secondary,  and  remembering 
that  ^  Ri  »  9  X  total  loss  due  to  load  current,  we  have: 

Total  loss  due  to  load  current,  plus  stray  loss  due  to  exciting  current 
»  total  loss  due  to  load  current  X[l  +  2pq  (cos  0  cos  d'+sin  9  sin  0')1 
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This  increase  in  the  copper  loss  due  to  tcmi)erature  rise  in 
the  windings  while  the  loss  measurements  are  being  made,  seems 
to  deserve  more  detailed  consideration.  Full-load  current  must 
be  sent  through  the  windings  for  this  measurement,  and  at  the 
start,  all  of  the  heat  produced  is  stored  up  in  the  copper  itself. 
As  the  temperature  of  the  copper  rises,  it  throws  more  and 
more  heat  out  through  the  insulation  into  the  oil,  until  the  heat 
thrown  out  is  equal  to  the  heat  generated,  when  the  temperature 
ceases  to  rise,  except  as  the  temperature  of  the  oil  rises.  The 
initial  rate  of  temperature  rise  is  therefore  fixed  by  the  thermal 
capacity  of  the  copper  and  the  rate  at  which  heat  is  generated. 
The  thermal  capacity  of  copper  is  about  177  joules  per  pound 
and  the  average  loss  in  large  transformers  is  about  10  watts  per 
pound.  This  gives  an  initial  rate  of  temperature  rise  of  one  deg. 
in  17.7  seconds,  or  3.4  deg.  per  minute,  and  an  increase  in  the 
copper  loss  of  3.4  X  0.4  =  1.36  per  cent. 

This  effect  of  temperature  rise  in  comp)ensating  for  the  stray 
loss  is  illustrated  by  reference  to  Table  I,  showing  the  results 
of  tests,  at  the  end  of  the  paper  by  Messrs.  Fortescue  and 
McConahey.  We  see  here  that  the  measured  loss  is  larger  at 
high  power  factors  than  at  low,  whereas  the  correction  for  stray 
loss  would  indicate  that  it  should  be  smaller.  (The  stray 
loss  was,  in  this  case,  included  in  the  measurement  by  the 
method  of  the  test.)  This  is  explained  by  the  fact  that  the  high 
power  factor  readings  were  taken  last,  and  that  the  loss  was 
increased  due  to  increase  of  temperature  during  the  tests  more 
than  it  was  decreased  by  increasing  the  power  factor.  These 
results  would  have  looked  very  different  if  the  measurements 
had  been  taken  in  the  reverse  order. 

The  temperature  tests  recorded  by  Mr.  Lewis  under  the  head- 
ing "  Relation  between  Impedance  Watts  and  Load  Losses," 
in  Tables  VII  and  VIII,  are,  of  course,  not  comparativ^c  tests 
between  impedance  watts  and  load  losses,  but  between  loads  of 
different  power  factors,  since  the  exciting  current  is  present  in 
both  cases,  the  only  difference  between  the  two  cases  being  that 
of  phase  relation  between  the  exciting  current  and  the  load 
current. 

Although,  as  we  have  seen,  the  stray  loss  due  to  magnetizing 
current  is  not  ordinarily  important  from  the  standpoint  of  effi- 
ciencv,  still  it  mav  be  sufficient  to  account  for  a  considerable 
difference  in  temi)erature  rise  between  two  transformers  tested 
together  by  the  o|)positi()n  method,  when  this  test  is  made  with 
loading  voltage  and  cx(nting  voltage  of  the  same  frequency.  The 
power  jfactor  of  the  loa<l,  or  circulating  current,  depending  as  it 
does  upon  the  relative  amounts  of  inductance  and  resistance  in 
the  combined  impedance  of  the  transformers,  is  always  low,  giv- 
ing almost  the  maximum  correction  for  stray  loss.  The  correc- 
tion for  one  transformer  will  be  positive  and  that  for  the  other 
negative,  since,  while  the  current  lags  in  one,  it  leads  in  the  other, 
the  difference  in  phase  of  the  circulating  current  in  the  two  trans- 
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formers  with  respect  to  the  exciting  current  beinj];  180  dej^.  The 
diflferencc  between  the  co])]mt  losses  in  the  two  transformers  is 
thus  twice  the  correction  for  one.  There  is,  of  course,  a  slig^ht 
compensation  for  this  HiiTerence  in  copper  losses,  due  to  the  fact 
that  the  core  loss  is  somewhat  increased  in  the  tninsformer  hav- 
inj:^  the  smaller  co])per  loss,  and  vice  versa.  The  net  result,  how- 
ever, may  be  a  difference  of  two  or  three  decrees  in  the  tempera- 
ture rises  of  the  two  transformers. 

Equality  of  losses  may  be  obtained  by  using  a  frequency  for 
loading  which  is  different  from  that  used  for  exciting.  This 
difference  in  frequency  may  be  very  slight,  if  desired,  maintaining 
])ractically  the  rated  frequency  both  for  the  excitation  and  for 
the  load.  This  is,  of  course,  a  necessity  for  nomial  core  loss,  and 
it  is  also  a  necessity  for  normal  copper  loss  when  the  eddy  current 
losses  are  appreciable.  The  extra  loss  due  to  the  combination  of 
exciting  current  and  load  current  will  not  be  present  under  these 
circumstances,  but  only  the  sum  of  their  respective  independent 
losses. 

The  mathematical  discussion  given  by  Messrs.  Fortescue  and 
McConahey,  under  the  second  heading,  "  Theoretical  Study  of 
Copper  Losses  in  Transformers,"  is  correctly  applicable  to 
mutual  inductive  circuits  in  air  (with  no  iron  core).  However, 
the  values  of  equivalent  resistance  and  equivalent  inductance,  ' 
given  in  equations  (7)  to  (13)  inclusive,  are  not  completely  ex- 
pressed. The  expressions  given  are  the  equivalent  values  for 
the  nth  harmonic  only.  The  equivalent  values  which  must  be 
taken  in  connection  with  the  value  of  the  total  resultant  current 
depend  upon  the  wave  form  of  the  currc^nt,  i.e.y  upon  the  relative 
values  of  the  various  harmonics  of  current.  These  values  of 
resistance  and  inductance  (*annot,  therefore,  be  expressed  in- 
(le]jendently  of  the  current.  The  complete  expression  for  equa- 
tions (7)  and  (8)  would  be 


and 


La  —  L\— — ' -2 (L2  +  L0) 

The  remaining  part  of  the  discussion,  if  completely  expressed, 
as  it  must  be  for  any  practical  application,  will  be  more  com- 
plicated than  it  appears  in  the  paper. 

I  do  not  agree  with  the  authors  that  the  results  obtained  in 
this  manner,  based  upon  the  assumption  that  L\  and  L2  and  M 
are  constants,  apply  with  almost  equal  accuracy  to  transformers, 
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where  these  values  vary,  not  only  for  different  values  of  maximum 
inductance,  but  throughout  the  cycle  for  any  given  value  of 
maximum  inductance.  This  introduces  additional  harmonics 
in  both  ciurent  and  voltage  not  taken  into  account  in  this  treat- 
ment, the  object  of  which  is  to  cover  the  effects  of  harmonics. 
The  authors  have  made  no  practical  application  of  this  mathe- 
matical discussion.  They  state  that  formulas  given  in  Section 
5  of  the  paper  are  based  upon  it,  but  these  formulas  take  no  ac- 
count of  harmonics,  and  are  very  easily  derived  from  considera- 


-^      o/^.  ll 


Fig.  1 


Fig.  2 


tions  based  upon  a  simple  sine  wave.   Thus,  referring  to  Fig.  1, 
the  formula  for  regulation  is  derived  as  follows: 

£o  is  the  no-load  voltage  of  the  transformer  and  E  the  full-load 
voltage  at  the  secondary  terminals,  so  that 


regulation  = 


Eo  -E 
E 


AD  +  DF+  FG 
E 


I  Rcosd  +  IX  sin  e  +  FG 

E 


But  FG  = 

whence 
regulation 


(FBY 
FH 


{IX  cos  e  "IR  sin  0)^ 
2E  +  2IRcose  +  2IXsmd+  FG 


IR  cos  e  IX  sin  6 

'^  E  ^ 

IR  sin  e 


E 


( 


IX  COS  6 
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)■ 


E 


and,  multiplying  by  100, 


„   ,     2  IR  cos  e    ,  2IX  sin   $  ,    FG 
«  T T^ H ;;; + 


E 


E 
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per  cent  regulation    ^  %  IR  cos  6  +  %  IX  sin  0 

Yo  IX  cos  e  -%  IR  sin  ey 


+ 


200  +  2%  IR  cos  e  +  2%  IXsind  + 


FG 
E 


Neglecting  the  last  three  terms  in  the  denominator  of  the  third 
term,  we  have  the  formula  given  in  the  paper,  which,  though 
sufficiently  acciu-ate  for  practical  purposes,  is  thus  seen  to  be 
inexact,  apart  from  any  consideration  of  harmonics. 

Mr.  Lewis  has  done  the  Institute  an  important  service  by 
including  in  his  paper  a  large  amount  of  data  on  the  extra  losses 
in  low-voltage  transformers,  due  to  the  magnetic  leakage  field, 
and  in  high-voltage  transformers,  due  to  the  dielectric  field.  It 
is  possible  that  the  values  given  for  extra  loss  due  to  magnetic 
leaJkage  (called  stray  loss  by  Mr.  Lewis)  are,  in  general,  too  large, 
being  the  total  measured  loss  minus  the  loss  calctilated  from  the 
measured  value  of  resistance  and  the  current.  The  increase  in 
temperature  during  the  measurement  of  this  loss  gives  ordinarily 
too  high  a  value,  as  explained  above.  Moreover,  many  of  the 
worst  cases  are  seen  to  be  those  of  magnetic  shunt  transformers, 
in  which  the  losses  in  the  shunts  themselves  are  included. 

While  these  losses  may  be  kept  to  a  minimum  value  by  careful 
design,  and  are  practically  eliminated  in  many  cases,  yet  Messrs. 
Fortescue  and  McConahey  must  agree  that  commercial  require- 
ments as  to  rating  and  service,  and  conditions  of  design,  are  often 
such  as  to  make  it  practically  impossible  to  avoid  quite  large 
losses  due  to  eddy  ciurents. 

These  cases  may  be  recognized,  however,  and  the  calculation 
of  these  extra  losses  usually  can  be  made  with  sufficient  accuracy 
for  a  basis  of  efficiency  guarantee.  In  my  opinion,  therefore,  the 
common  practise  of  excluding  these  losses  from  efficiency  guar- 
antees is  not  necessary,  nor  desirable. 

C.  Fortescue:  When  the  paper  referred  to  by  Mr.  Weed  was 
written,  the  authors  had  in  mind  both  the  eddy  current  losses  in 
the  copper,  which  are  easily  measured,  and  the  portion  of  the  PR 
loss  due  to  the  exciting  current  which  is  not  included  in  any  of 
the  usual  measurements.  A  portion  of  the  PR  loss  due  to  the 
exciting  current  is  included  in  the  core  loss  measurements,  and 
properly  so,  since  it  is  practically  constant  at  all  loads.  It  is 
necessary  to  apply  a  correction  to  the  short-circuit  measurement 
for  the  other  portion  of  the  PR  loss,  but  only  when  the  exciting 
currents  are  very  high,  since  otherwise  this  correction  is  negligible. 

Mr.  Lewis  in  his  paper  tabulates  the  stray  losses  and  impedance 
voltages  in  a  number  of  commercial  transformers,  and  points 
out  that  there  is  apparently  no  definite  relation  between  these 
two  quantities.  I  have  stated  in  my  paper  that  in  a  good 
design  the  eddy  loss  in  the  conductor  can  be  reduced  to  a  very 
smaU  value.     It  might  be  well  to  modify  this  statement  by 
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adding  that  when  high  impedance  is  required,  the  cost  of  keep- 
ing down  eddy  currents  to  a  low  value  sometimes  becomes 
excessive.  In  transformers  for  furnaces,  in  which  very  large 
secondary  currents  are  required,  it  becomes  particularly  diffi- 
cult to  keep  this  stray  loss  down.  In  the  ordinary  nm  of 
transformers,  however,  this  loss  can  be  controlled  without 
materially  adding  to  the  cost. 

James  Burke:  I  simply  desire  to  call  attention  to  one  feature 
of  the  paper  by  Mr.  Lewis,  which  recommends  the  measurement 
of  the  copper  losses  hot,  whereas  the  imiversal  practise,  I  think, 
in  this  coimtry  now  on  transformers  is  to  take  the  copper  loss 
at  25  deg.,  and  I  simply  wish  to  call  attention  to  the  fact  that 
the  recommendation  of  Mr.  Lewis  is  a  departure  from  the  exist- 
ing commercial  practise,  which  is  in  use  in  connection  with  a 
very  large  ntunber  of  transformer  manufacturers. 

I  would  like  to  bring  to  the  attention  of  the  Standards  Com- 
mittee another  feature  which  might  be  considered  in  the  new 
rules,  and  that  is,  sometimes  manufacturers  are  asked  to  guar- 
antee the  volt-ampere  efficiency  of  transformers,  and  I  have  seen 
specifications  asking  for  the  volt-ampere  efficiency  at  100  per 
cent  power  factor,  90  per  cent  power  factor,  and  80  per  cent 
power  factor,  and  I  think  it  would  be  of  advantage  if  the  Stand- 
ards Committee  introduced  some  simple  methods  of  bringing 
these  factors  into  consideration  rather  than  calling  for  specific 
tests  under  each  of  these  conditions  for  acceptance  tests. 

E.  A.  Wagner:  I  think  Mr.  Burke's  point  about  the  volt- 
ampere  efficiency  is  well  taken.  There  has  been  a  very  pro- 
noimced  demand,  especially  in  the  railway  signal  service,  for 
figures  giving  volt-ampere  efficiency.  There  is  nothing  really 
specific  in  the  present  standardization  rules  showing  how  this  shall 
be  done,  and  I  think  that  the  Standards  Committee  should 
mention  this  matter,  and  state  absolutely  clear  definitions  of 
the  meaning  of  volt-ampere  efficiency  and  also  decide  as  to  the 
effect  of  the  excitation  current  on  these  volt-ampere  efficiencies. 

In  regard  to  these  recommendations  at  the  end  of  Mr.  Lewis's 
paper,  I  do  not  think  that  the  exciting  current  should  be  de- 
ducted and  segregated  from  the  core  loss  measurement,  that  is, 
the  effect  of  the  exciting  current  on  the  copper  losses.  In  a 
tranvsformer  designed  for  high  exciting  current,  necessarily  the 
core  losses  have  been  affected,  due  to  that  design,  and  as  the 
exciting  current  is  really  a  function  of  the  core  loss  design,  I 
think  it  should  be  included  in  the  heading  **  no-load  losses/' 
or  else  a  separate  definition  made  as  to  the  no-load  losses  which 
will  include  the  effects  of  exciting  current.  Where  the  no-load 
losses  are  to  be  taken  on  the  primary  circuit,  according  to  these 
recommendations,  then  it  is  going  to  make  considerable  diffi- 
culty in  measuring  losses  on  high -voltage  transformers.  We  do 
not  measure  the  core  losses  on  100, 000- volt  transformers  on  the 
primary  side,  we  always  measure  them  on  the  soccmdary  side. 
The  same  holds  true  in  the  case  of  coninien-ial  transfornuTs,  2200 
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volts  to  110.  We  measure  them  directly  with  a  110- volt  watt- 
meter, and  do  not  attempt  to  step-up  and  then  step-down. 

The  last  recommendation  reads:  "  On  accoimt  of  the  varia- 
tion with  temperature,  all  losses  should  be  measured  at  the 
operating  temperature/'  If  the  Standards  Committee  adopts 
this  recommendation,  it  should  be  specific  as  to  a  definite  tem- 
perature. As  a  matter  of  fact,  core  losses  go  down  with  the 
increase  in  temperature,  so  that  it  affects  the  total  loss  in  that 
way;  but  it  is  difficult  to  hold  the  temperature  steady  at  any 
predetermined  point  if  any  time  is  consumed  in  making  the 
measurements  of  these  losses,  and  I  think,  therefore,  it  is  better 
to  specify  a  room  temperature,  and  take  the  iron  loss  or  no-load  loss 
at  that  temperature,  and  if  the  full-load  losses,  including  copper 
losses,  are  wanted,  they  can  be  corrected  for  the  rise  in  temper- 
ature. 

Charles  P.  Steinmetz:  When  the  first  Standardization  Rules 
were  established  in  1899,  it  was  stipulated  that  all  losses  should 
be  measured  at  the  full-load  operating  temperature.  Trans- 
former losses  were  included  in  this  rule. 

Before  that  time  they  had  been  measured  by  the  manufacturers 
at  the  room  temperature  and  the  efficiency  guaranteed  on  that 
basis,  and  these  guarantees  were  wrong.  That  question  has 
frequently  arisen,  and  transformer  designers  have  come  before  the 
Standards  Committee  and  requested  that  the  Rules  should  be 
changed  to  read:  **  In  all  apparatus  the  losses  shall  be  measured 
at  the  full-load  operating  temperature,  except  in  the  case  of 
transformers,  where  they  shall  be  measured  at  the  room  tem- 
perature.'^  It  is  not  desirable  to  make  a  specification  of  this 
kind  for  transformers.  There  is  no  reason  whatever  to  be  seen 
why  this  should  be  done.  The  efficiency  you  want  to  know  is 
that  at  which  the  transformer  is  running,  which  is  at  the  opera- 
ting temperature,  and  not  at  some  fictitious  temperature.  It 
is  true  that  it  means  that  you  must  lower  the  efficiency  guarantees 
a  little,  but  that  cannot  be  helped.  What  you  guarantee 
when  measuring  the  PR  losses  at  the  room  temperature,  is  not  the 
efficiency  of  the  apparatus,  but  a  higher  value  than  is  actually 
there. 

The  PR  loss  of  the  exciting  current  should  be  separated  and 
not  included  in  the  core  losses.  The  PR  loss  of  the  exciting 
current  changes  with  the  load.  For  instance,  if  the  exciting 
current  is  10  per  cent  of  full-load  current,  then  at  no-load  the 
PR  loss  of  the  exciting  current  is  1  per  cent  of  the  primary 
PR  loss,  and  conversely  the  primary  PR  loss  at  full  non-induc- 
tive load  is  100  times  the  PR  loss  at  no-load.  But  at  full 
inductive  load  the  exciting  current  increases  the  load  current 
by  10  per  cent,  and  so  gives  an  additional  primary  PR  loss  of  21 
per  cent,  and  that  means  at  full  inductive  load  the  primary 
PR  loss  is  121  times  as  high  as  at  no-load.  Obviously,  therefore, 
the  PR  loss  due  to  the  exciting  cu  rent  must  hv  consdered 
separately  and  not  included  in  the  no-load  losses. 
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Leo  Schuler:  I  call  your  attention  to  the  fact  that  when  you 
measure  the  efficiency  of  the  transformer  at  room  temperature, 
instead  of  working  temperature,  it  does  not  mean  necessarily 
a  very  great  difference  in  the  efficiency,  because  the  copper 
losses,  of  course,  are  lower,  but  the  iron  losses  are  higher,  espe- 
cially with  alloyed  iron. 

James  Burke:  I  want  to  correct  any  misimderstanding  of 
what  I  said.  I  am  not  advocating  measuring  the  transformer 
losses  at  room  temperature.  I  was  simply  calling  attention  to 
the  difference  between  the  commercial  practises  of  today  and 
the  recommendations. 

Charles  F.  Scott:  In  regard  to  the  word  "  stray,"  if  I  am 
not  mistaken,  laboratory  manuals  present  the  "  stray  power  " 
method  of  measuring  efficiency  which  is  taught  to  the  student 
as  a  very  definite  thing.  Stray  power  is  about  everything  that 
PR  does  not  include.  The  power  to  drive  a  motor  is  meas- 
ured at  no-load,  and  what  is  not  I^R  is  stray  power. 

I  asked  this  morning  one  of  the  designing  engineers  of  one  of  the 
large  companies,  whether  the  term  "  stray  power  *'  was  used  in 
his  organization.  He  said  he  did  not  know  that  it  was.  We 
come  here  and  find  the  word  "  stray  "  used  indiscriminately 
to  cover  about  everything  which  cannot  be  accounted  for. 

The  moral  of  this  is  that  one  of  the  chief  duties  of  our  Stand- 
ards Committee  is  in  the  matter  of  definitions.  Here  is  a  term 
"  stray,"  that  certainly  needs  to  be  defined. 

J.  M.  Weed:  I  think  Mr.  Wagner's  objection  to  measuring 
the  core  loss  from  the  primary  side  is  based  upon  an  erroneous 
definition  of  the  primary  side.  The  primary  side  is  often  the 
low- voltage  side,  as  the  transformer  may  be  used  either  for 
raising  or  for  lowering  the  voltage. 

J.  E.  Saunders:  I  notice  the  recommendation  is  that  trans- 
former losses  are  to  be  measured  at  operating  temperature. 
I  want  to  know  what  this  operating  temperature  is.  We  are 
hanging  transformers  where  it  is  130  deg.  fahr.  in  the  shade  in 
the  summer  time,  and  they  are  hanging  out  all  summer,  and 
we  are  hanging  them  in  another  place  where  it  goes  as  low  as 
30  to  40  deg.  fahr.  below  zero,  in  the  winter  time,  and  those  arc 
the  operating  temperatures,  so  I  want  to  know  why  we  should 
not  substitute  room  tem]x?rature  for  operating  temperature. 

C.  Fortescue:  The  operating  temperature,  I  think,  is  defined 
as  the  temperature  at  which  the  transformer  will  operate  at 
the  standard  room  temperature  of  25  deg.  with  full  load,  at 
100  per  cent  power  factor.  In  transformers  we  base  our  rise 
on  the  average  temperature  of  tlie  coils  as  measured  by  the  rise 
of  resistance  method.  We  do  not  indicate  the  temperature  of 
the  hot  spot.  In  transformers  there  is  a  very  slight  difference 
between  the  average  teni|XTature  of  the  coil  and  the  maximum 
temjxTature,  on  account  of  the  small  temix'rature  gradients 
through  the  insulation,  and  coils,  etc. 

J.  M.  Weed:  There  is  one  ])oint  whicli  I  think  should  be 
recognized  by  the   Standards  Committee  in  laying  out  their 


1913]  DISCUSSION  AT  NEW  YORK  607 

rules,  and  it  may  be  that  some  of  the  members  present  might 
wish  to  discuss  the  matter  if  it  is  brought  out  specifically,  and 
that  is  the  question  of  cooling  after  the  load  is  taken  off  the 
transformer.  This,  of  course,  a[)plies  to  all  electrical  apparatus. 
It  is  practically  im[x)ssible  to  get  the  resistance  measurements  at 
once,  of  course,  and  it  is  a  fact  that  the  apparatus  is  cooling 
after  the  load  is  taken  off  until  such  time  as  the  resistance  can 
be  taken.  It  is  possible,  as  has  been  brought  out  in  some  of 
these  papers,  to  make  corrections,  but  this  matter  of  correction 
is  always  an  uncertain  matter,  and  will  involve  complications, 
and  it  would  possibly  be  better  to  specify  a  time  limit  within 
which  the  resistance  measurement  should  be  made,  recognizing 
the  fact  that  the  actual  temperature  at  the  instant  that  the  load 
is  taken  off  is  a  little  higher,  but  considering  it  on  the  same  basis 
as  the  hot  spot  that  we  cannot  find. 

A  Member:  There  exists  a  method  for  finding  the  real  tem- 
perature which  is  much  easier  than  to  find  the  hot  spot.  You 
have  only  to  know  exactly  the  moment  when  you  really  take 
the  load  off  the  transformer.  Say  that  you  press  a  stop  watch 
at  this  moment,  and  then  take  two  or  three  readings  afterward, 
plotting  a  time-heat  ciu^e,  and  extrapolate  that  curve,  you  get 
the  correct  value  the  moment  that  you  really  took  the  load  off 
the  transformer. 

L.  T.  Robinson:  In  connection  with  the  remarks  of  the  last 
speaker,  I  would  say  if  those  who  are  interested  will  refer  to  the 
paper  which  was  read  here  yesterday  by  Mr.  Chubb,  they  will 
see  that  the  extrapolated  value  will  not  always  be  correct. 
Under  some  conditions  the  part  where  you  are  taking  the  tem- 
perature by  resistance  goes  down  after  a  while,  and  then  it 
begins  to  go  up  by  transfer  of  heat  from  some  iron  part  or  some- 
thmg  else  that  is  hotter.  It  may  be  useful  to  use  extrapolation 
sometimes,  but  it  must  be  used  with  caution,  otherwise  you  may 
get  a  large  error. 

J.  M.  Weed:  In  determining  the  temperatiu-e  by  extrapo- 
lation the  results  are  very  imcertain,  for  the  reason  that  slight  in- 
accuracies in  the  readings  modify  the  shape  of  the  curve  very 
much.  The  point  that  you  decide  upon  as  the  initial  temper- 
ature is  very  much  influenced  by  errors  in  the  first  two  or  three 
points  of  the  curve. 

C.  Fortescue:  I  agree  with  Mr.  Weed  that  the  method  of 
extrapolation  by  means  of  a  curve  is  very  imcertain  and  brings 
in  a  large  personal  factor.  It  may  be  necessary  in  some  cases  to 
use  such  methods,  but  it  would  be  better  if  some  quicker  methods 
could  be  devised  for  measuring  the  resistance  of  the  windings 
than  those  at  present  in  use.  One  thing  that  can  be  done  in 
using  the  Kelvin  bridge  or  the  Wheatstone  bridge  is  to  have  them 
set  for  the  expected  reading;  in  this  way  the  final  adjustment 
can  be  made  very  quickly.  A  measurement  made  in  this  manner 
is  so  quick  that  I  believe  only  one  or  two  degrees  are  lost.  A 
matter  of  one  or  two  degrees  has  but  little  effect  on  the  operation 


ft08  DETERMINATION  OF  LOSSES  [Feb.  27 

of  a  transformer,  and  therefore  I  think  measurements  obtained 
in  this  way  are  sufficiently  accurate. 

Paul  M.  Lincoln:  A  definite  question  has  been  asked  as  to 
what  temperature  shall  he  used  in  calculating  the  copper  losses 
of  transformers  and  other  apparatus,  and  I  think  this  question 
is  one  which  requires  a  definite  answer  and  one  which  should  be 
fixed  by  the  Standardization  Rules  when  promulgated.  It 
seems  to  me  that  it  is  best  answered  by  adopting  the  suggestion 
made  in  Mr.  Lewis's  paper,  namely,  to  base  it  upon  the  operating 
temperature.  But  that  operating  temperature  should  be  taken 
above  a  standard  air  temperature,  and  in  my  opinion  that 
standard  air  temperature  should  be  taken  at  25  deg.  cent.  There- 
fore, the  copper  loss  in  a  transformer  should  be  calculated  at  the 
temperature  at  which  it  will  actually  oi>erate  when  the  sur- 
roimding  air  is  25  deg.  cent. 

W.  C.  Smith:  In  connection  with  the  question  of  losses  just 
brought  up,  and  also  referring  to  the  statement  of  Dr.  Steinmetz 
this  morning,  in  which  he  said  that  the  customer  is  most 
interested  in  losses  at  the  of)erating  temperature,  there  is  another 
question  regarding  efficiencies  which  should  be  touched  upon 
by  the  Institute,  and  that  is  the  question  of  efficiencies  at 
fractional  loads.  The  present  rules  imply  that  the  efficiency  at 
a  given  load  should  be  based  on  the  operating  temperature  at  that 
load.  In  the  case  of  fractional  loads,  this  imposes  a  serious 
btu'den  on  the  manufacturer,  one  that  is  not  complied  with  now- 
adays or  asked  for.  Fractional-load  efficiencies  are  guaranteed  at 
the  same  temperature  as  the  full-load  efficiencies,  so  I  believe 
that  the  new  Institute  Rules  should  state  clearly  that  all  effi- 
ciencies, both  for  full  load  and  fractional  loads,  should  be  based 
on  the  full-load  operating  temix*rature. 

J.  M.  Weed:  I  would  suggest  that  it  ought  to  be  satisfactory  to 
specify  the  efficiencies  of  the  transformers  at  temperatiu-es  at 
which  they  are  guaranteed  to  operate  at  full  load;  that  is,  with 
standard  room  temf)erature,  if  you  guarantee  a  transformer  for 
35  deg.  cent,  rise,  with  a  room  temperature  of  25  deg.  cent., 
base  the  efficiencies  of  that  transformer  on  the  losses  at  60  deg., 
and  if  you  guarantee  50  deg.  cent,  rise  over  25  deg.  cent,  room 
temperature,  you  guarantee  your  efficiencies  on  the  basis  of  75 
deg. 

W.  C.  Smith:  Inasmuch  as  I  brought  up  this  point,  I  would 
like  to  go  on  record  that  I  concur  fully  with  the  two  gentlemen 
who  have  just  preceded  me — in  my  opinion,  all  efficiencies 
should  be  based  on  the  full-load  guaranteed  operating  tem- 
perature. 

G.  K.  Kaiser:  Referring  to  the  question  of  operating  tem- 
pera ttu-es,  it  appears  to  me  that  the  regulation  as  well  as  the 
efficiency  should  be  based  on  the  temperature  which  the  appara- 
tus assumes  when  operating  continuously  under  load.  That  is, 
the  regulation  at  various  loads  and  power  factors  should  be 
determined  from  the  load  losses  at  oi)erating  temperature  and  the 
reactance  of  the  transformer. 
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(e)    Brush  Losses 

W.  B.  Brady:  Rc^fcrririK  to  llic  paper  by  Messrs.  Edgecomb 
and  Dick,  the  bnish  manufacturers  are  verv'  much  interested 
in  the  subject  of  l)rush  losses  and  we  are  very  glad  the  Institute 
has  taken  up  this  matter.  We  have  lx»en  working  on  the  develop- 
ment of  brush  tests  for  more  than  six  years  but  we  have  been 
handicapped  by  the  lack  of  apparatus  that  would  give  us  con- 
sistent results.  Then,  again,  as  we  have  developed  our  own 
apparatus  the  results  we  got  were  applicable  only  to  that  apparatus 
and  onlv  under  the  exact  conditions  of  that  test.  This  is  due  to 
the  numl)er  of  variables  and  losses  that  are  in  a  certain  combina- 
tion under  the  conditions  of  that  test.  By  having  these  losses 
more  definitely  separated  and  understood  we  may  be  able  to 
get  a  definite  basis  to  make  our  results  comparable.  One  of  the 
best  ways  I  know  of  is  to  standardize  the  brush- testing  apparatus 
and  I  hope  this  can  be  done  in  the  very  near  future.  It  will  be 
a  decided  step  in  brush  development  which  will  be  of  great 
assistance  to  engineers. 

Leo  Schuler:  I  ask  whether  any  experiments  have  been  made 
in  this  country  with  regard  to  the  influence  of  the  current  flow- 
ing from  the  commutator  to  the  brush,  in  relation  to  the  friction. 
It  is  rather  surprising,  but  it  is  a  fact,  that  friction  is  somewhat 
influenced  by  the  current  on  the  brush.  I  cannot  see  the  reason 
for  it,  but  there  mav  be  a  molecular  attraction  on  the  surface 
of  the  commutator. 

B.  A.  Behrend:  In  regard  to  Mr.  Schuler\s  question,  whether 
the  coefficient  of  friction  depends  on  the  current  in  the  brush. 
If  an  experiment  is  conducted  on  an  electric  motor  or  generator, 
very  many  vitiating  factors  enter  into  it,  so  that  it  wotdd  be  im- 
possible to  say  that  the  presence  of  an  electric  current  is  respon- 
sible for  the  alteration  or  change  of  the  coefficient  of  friction, 
and  I  ask  Mr.  Schuler  whether  he  means  that  imder  stationary 
conditions  such  change  or  variation  in  the  coefficient  of  friction 
is  obtained? 

Leo  Schuler:  I  do  not  know  whether  in  those  cases  it  would 
affect  it  or  not.  What  I  know  is  this:  With  a  slip-ring  arrange- 
ment, driven  by  a  small  synchronous  motor,  just  sufficient  to 
drive  the  slip-ring  with  the  brush  on  it,  that  synchronous  motor 
falls  out  of  step  the  moment  you  put  current  on  the  brush. 
That  seems  to  indicate  an  increase  of  friction  due  to  the  current. 

There  is  another  reason.  When  you  work  a  machine  idle, 
that  means  excited,  but  no  current  on,  then  you  hear  a  certain 
noise  produced  by  the  friction  of  the  brushes  on  the  commutator, 
and  you  will  notice  quite  a  pronounced  alteration  of  this  noise, 
when  you  put  current  on;  there  seems  to  be  no  other  expla- 
nation for  this  than  that  there  is  another  coefficient  of  fric- 
tion when  the  current  is  on  the  machine. 

B.  A.  Behrend:  May  I  ask  whether  it  is  not  possible  that 
this  additional  power  required  in  your  synchronous  motor  is 
due  to  current  induced  in  your  slip-rings  and  in  your  brush? 
You  would  expect  such  induced  currents,  would  you  tvot? 
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Leo  Schuler:  But  I  cannot  see  how  power  is  taken  from 
the  motor  for  these  eddy  currents. 

B.  A.  Behrend:  That  seems  to  be  the  critical  ixjint  at  issue; 
if  there  is  any  ix)ssibility  of  this  api)lied  ix)wer  having  to  come 
from  the  synchronous  motor,  it  would  not  Ix;  charged  to  coeffi- 
cient of  friction. 

Leo  Schuler:  I  think  if  there  arc  induced  currents  in  the 
slip-rings  then  the  power  to  produce  these  currents  can  only  be 
taken  from  the  source  of  current  which  is  going  through  the 
slip-rings,  but  not  from  the  motor  driving  the  slip-ring. 

B.  A.  Behrend:  I  would  not  be  so  ready  to  endorse  that  state- 
ment; it  does  not  seem  to  me  to  be  absolutely  evident  that  it  is  so. 
Perhaps  some  one  else  has  thought  more  about  that  point,  and 
can  give  us  some  information  regarding  it.  I  ask  Mr.  Lamme 
whether  it  is  not  possible  that  the  creation  of  a  magnetic  field 
by  an  electric  current  and  its  consequent  passing  through  the 
slip  ring  would  not  account  to  some  extent  for  the  falling  out  of 
step  of  the  synchronous  motor  driving  the  device.  I  do  not 
know  that  this  is  the  explanation  in  the  specific  case  cited,  but 
it  seems  perfectly  plausible  to  assume  the  existence  of  such  a 
magnetic  field  through  which  the  slip-ring  has  to  cut  at  a  certain 
definite  rate  of  speed  which  would  put  an  additional  load  on  the 
driving  synchronous  motor.  I  may  be  mistaken  in  my  explana- 
tion, but  it  is  entirely  reasonable. 

W.  B.  Brady:  Answering  the  question  about  the  influence  of 
current  on  the  coefficient  of  friction,  Messrs.  Martindale  and 
Berkeley  in  their  written  discussion  indicate  that  the  coefficient  of 
friction  decreases  very  materially  with  increase  of  current.  We 
tried  that  under  four  different  grades  of  carbon  on  the  slip-ring, 
simply  a  band  of  copper  mounted  on  a  pulley,  and  measured  the 
friction  in  that  way.  It  decreased  very  materially  with  increased 
current. 

A.  H.  Freeman:  We  have  made  no  particular  tests  to  deter- 
mine the  effect  of  current  density  on  coefficient  of  friction,  but 
my  observation  has  been,  on  some  temperature  results,  it  may 
have  that  effect  Mr.  Brady  speaks  of,  that  the  coefficient  of 
friction  drops  slightly  with  increased  current  densities.  In  the 
paper  by  Messrs.  Edgecomb  and  Dick,  I  see  that  they  recom- 
mend a  set  of  constants  for  representing  the  difference  between 
the  surface  of  the  test  apparatus  and  the  surface  of  cast-iron, 
steel,  bronze  and  various  other  materials. 

Alexander  Gray:  About  a  year  ago  I  started  some  students 
on  experimental  work  on  brush  friction  and  the  results  they 
obtained  were  so  erratic  that  no  satisfactory  conclusion  could  be 
drawn  from  them.  Recently  I  started  up  the  same  apparatus 
and  found  that  the  coefficient  of  friction  could  vary  300  per 
cent  in  half  an  hour.  The  friction  force  was  measured  by  a 
spring  balance  at  the  end  of  a  beam  which  was  supported  on 
ball  bearings  concentric  with  the  shaft  of  the  motor  and  which 
carried  two  brushes  at  opposite  ends  of  a  diameter.     At  the 


1913]  DISCUSSION  AT  NEW  YORK  611 

start,  the  pull  on  the  scale  was  about  one  pound;  at  the  end  of 
half  an  hour  the  pull  had  gone  up  to  two  pounds,  and  the  tem- 
perature of  the  brush,  measured  by  a  thermocouple  placed 
within  1/16  in.  of  the  rubbing  surface,  also  increased.  The 
brushes  then  began  to  chatter,  the  temperature  rose  very  rapidly 
to  several  times  the  previous  value  and  the  pull  on  the  scale 
went  up  to  3.5  pounds.  One  of  my  assistants  came  into  the 
laboratory  at  that  time;  he  was  smoking  and  blew  a  cloud  of 
smoke  on  the  ring;  the  scale  reading  went  down  immediately 
to  2  pounds,  the  chattering  stopped  and  the  temperattu'e  dropped 
considerably;  the  chattering  did  not  commence  again  nor  did 
the  pull  on  the  scale  reach  the  value  of  3 . 5  poimds  for  about  one 
minute.  Afterwards,  as  a  matter  of  curiosity,  I  ran  my  finger 
across  the  ring  surface,  the  pull  immediately  dropped  to  two 
pounds,  the  chattering  ceased,  and  both  took  about  one  minute 
to  rise  again  to  the  original  value.  A  piece  of  waste  was  then 
put  in  contact  with  the  running  ring  and  was  left  there  for  half 
an  hour,  at  the  end  of  which  time  chattering  had  ceased  and  the 
scale  reading  had  come  down  to  one  pound,  and  then,  although 
the  waste  was  removed,  the  pull  did  not  increase  in  two  days, 
for  which  length  of  time  the  apparatus  was  kept  running  con- 
tinuously. A  bimsen  flame  was  then  applied  to  the  ring,  and 
although  the  friction  pull  decreased,  the  decreass  was  very 
small.  A  little  vaseline  was  then  put  on  the  ring  and  the  scale 
pull  came  down  to  a  smaller  value  and  stayed  there. 

After  a  thin  film  had  been  ground  from  the  brush  contact 
it  was  possible  to  reproduce  the  same  cycle  of  operations. 

In  case  there  should  be  any  misunderstanding,  I  may  say  that 
the  brush  was  a  modem  one,  and  had  a  highly  polished  surface. 
The  film  on  the  ring  was  not  something  I  put  on  myself,  but  was 
inherent  in  the  brush. 

The  above  results  seem  to  me  to  be  of  such  importance  that 
I  would  be  tardy  in  standardizing  certain  coefficients  of  friction 
for  certain  standard  machines,  in  fact  I  consider  the  proposition 
to  be  very  objectionable.  Brush  friction  depends  largely  on  the 
design  of  the  holder  and  on  the  workmanship  put  into  the  brush 
mechanism.  If  I  buy  a  machine  with  a  certain  guaranteed 
efficiency  I  want  to  measure  the  efficiency  or  losses  in  some  way 
or  another,  and  shall  not  be  satisfied  with  something  calculated 
by  the  manufacturer  from  constants,  even  although  they  are 
standardized  by  the  Institute. 

If  the  brush  friction  is  measured  when  the  brushes  are  newly 
grotmd  a  certain  result  is  obtained;  if  the  machine  is  then  nm 
for  several  hotirs  the  friction  loss  may  increase  300  per  cent, 
but  by  running  a  piece  of  waste  across  the  commutator  surface 
for  some  time  the  friction  loss  can  be  reduced  again.  This  being 
the  case,  I  would  suggest  that  the  Tiew  rules  make  some  recom- 
mendation as  to  when  tlic  friction  Ic^ss  shall  be  measured,  whether 
before  or  after  the  heat  nm,  and  also  as  to  whether  or  not  the 
manufacturer  should  be  allowed  to  clean  the  commutator  before 
he  meastures  this  loss. 
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Comfort  A.  Adams:  I  think  we  will  all  aj^ee  that  the  whole 
question  of  satisfactory  operation  of  commutatinj:;  machines, 
as  to  the  commutator  and  brushes,  is  one  which  dei^cnds  upon 
a  very  great  many  details  not  only  of  manufacture  but  also  of  care 
and  operation.  There  are  many  variables  involved,  and  it  is  diffi- 
cult to  lay  down  general  rules.  It  is  not  anything  you  can  theorize 
much  about,  one  way  or  the  other.  I  will  simply  state  what  I 
have  found  to  be  the  most  successful  method  of  operating 
commutating  machines  from  the  purely  practical  standpoint. 
This  applies  to  modem,  good  quality  commutating  machines, 
with  brushes  such  as  are  ordinarily  supplied.  Start  with 
the  commutator  in  perfect  condition,  as  far  as  it  can  be  made 
so,  and  the  brushes  well  fitted;  then  watch  it  very  carefully 
for  the  first  few  days,  or  possibly  a  w^eek.  During  the  first 
day  of  its  operation  be  very  sure  to  keep  the  commutator  so 
clean  and  in  such  condition  that  it  will  not  cut.  I  assume, 
of  course,  that  the  machine  docs  not  spark  enough  to  bum. 
After  the  polished  condition  has  been  once  established,  very 
little  care  will  keep  the  commutator  in  good  operating 
condition  without  any  lubrication.  In  fact,  my  experience 
has  been  that  there  is  more  danger  with  lubrication  than 
without,  after  the  commutator  is  once  thoroughly  well 
polished  and  is  in  good  working  condition.  It  is  not  suffi- 
cient, in  the  case  of  a  freshly  ground  commutator,  to  clean  it 
off  once  and  let  it  run  for  a  day  or  two  without  any  care  at  all. 
It  is  only  after  it  has  become  thoroughly  polished  that  it  can 
be  allowed  to  go  w^ith  occasional  care,  and  the  principal  thing  is 
to  keep  it  clean  and  dry.  Inhere  is  a  little  lubrication  in  these 
brushes,  but  much  of  it  is  apt  to  gum  up  the  commutator  and 
a  little  sparking  will  cause  the  coefficient  of  friction  to  rise  very 
rapidly. 

Alexander  Gray:  The  work  presented  to  us  in  these  papers 
is  excellent  and  we  ought  to  be  grateful  to  the  writers  for  the 
amount  of  work  they  have  put  into  them.  I  know  what  the 
measurement  of  the  coefficient  of  friction  on  brushes  means. 
The  jx)int  we  are  concerned  witli,  however,  is  not  the  angle  of 
the  brushes — we  are  not  going  to  test  for  that;  we  are  looking 
for  a  suitable  perfonnance  test  for  brush  friction  loss  and  instruc- 
tions as  to  how  to  make  it. 

As  Professor  Adams  says,  the  proi)er  thing  to  do  is  to  take 
care  of  tlie  commutiilor  fur  two  or  three  days  and  tlien  let  it 
run;  but  if  you  tell  the  manufacturer  you  want  the  machine  lo 
rtm  for  a  week  before  you  test  it,  lie  will  probably  increase  the 
price.  The  point  I  want  to  make  is  that  we  might  hurry  this 
first  part  of  the  business  by  cleaning  off  the  film  which  is  deposited 
and  so  allow  the  brushes  to  take  the  bedding  sooner  than  two  or 
three  days.  If  we  can  do  that,  let  us  standardize  it;  if  we  cannot 
do  it,  let  it  alone. 

In  regard  to  the  suggestion  that  tlie  smoke  was  a  lubricant,  it 
is  ingenious  and  it  may  be  right.    1'h(»  smoke  may  also  act  as  an 
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abrasive  which  cleans  off  the  film  of  carbon ;  the  same  man  blew 
on  the  commutator  when  he  was  not  smoking  and  it  made  no 
difference  to  the  friction  loss,  so  that  we  can  eliminate  the  question 
of  moisture. 

B.  G.  Lamm^:  Mr.  Schuler  has  raised  a  point  about  the 
effect  of  current  on  brush  losses.  I  will  say  that  under  some  con- 
ditions current  may  have  a  great  effect  on  the  total  losses  in 
connection  with  collector  rings.  In  the  case  of  very  heavy  rings 
carrying  very  heavy  currents,  the  magnetic  field  set  up  by  such 
currents,  if  cut  by  the  collector  rings,  may  be  such  as  to  cause 
very  heavy  eddy  current  losses  in  the  rings  themselves.  In  the 
case  of  a  2000-kw.  unipolar  generator  with  which  I  am  familiar, 
in  the  preliminary  tests,  one-half  of  the  rings  on  the  machine 
were  made,  of  steel,  instead  of  bronze,  and  on  the  test  with 
normal  full  load  current  under  zero  voltage  conditions,  the 
measured  loss  was  approximately  200  kw.  higher  than  when  all 
the  rings  were  bronze.  Our  investigation  showed  that  the  excess 
loss  was  due  almost  entirely  to  eddy  currents  due  to  magnetic 
action,  and  was  not  due  to  brush  contact.  The  loss  was  almost 
entirely  in  the  rings  themselves.  With  bronze  rings  there  was 
some  loss,  but  not  more  than  a  few  per  cent  of  that  found  with  the 
steel  rings.  In  this  case,  therefore,  the  losses  varied  with  the 
current,  and  such  losses  were  carried  by  the  driving  motor. 

Apparently  there  are  two  opposite  opinions  regarding  this 
variation  of  friction  with  the  current,  one  claim  being  that  it  is 
reduced  with  the  current  and  another  that  it  is  increased.  It 
seems  to  me  that  an  action  other  than  the  eddv  currents  above 
described  may  also  be  present,  namely  the  influence  of  the  direc- 
tion of  current  on  the  brush  contact  itself.  Our  test  with  the 
unipolar  generator  referred  to,  showed  that  where  the  currents 
passed  from  the  brushes  to  the  rings,  the  rings  tended  to  take  a 
good  glaze,  and  but  relatively  little  attention  was  required  in 
the  way  of  cleaning;  whereas,  where  the  current  passed  from 
the  rings  to  the  brushes  there  was  a  continued  tendency  to 
bum  away  the  surface  of  the  rings  and  to  increase  the  resistance 
of  contact.  Apparently,  one  of  these  actions  should  give  less 
friction  loss  than  the  other,  and  [)ossibly  in  the  conflicting  opin- 
ions cited,  the  different  results  may  have  Ixjen  due  to  different 
arrangements  of  testing  which  did  not  take  the  direction  of 
current  into  account. 

In  the  (juestion  of  brush  friction  losses,  esj)ecially  on  new 
machines,  the  condition  of  tlie  commutator  itself  must  be  taken 
into  account.  Until  conmuitators  are  well  "  st^asoned,*'  they 
are  liable  to  show  high  brush  friction  losses.  The  binding  mater- 
ial in  the  commutator  mica  may  ooze  out  to  a  very  slight  extent, 
and  *'  gum  "  the  commutator  slightly.  This  will  increase  the 
friction  enormously,  but  as  it  is  obviously  im[X)Ssible  to  thor- 
oughly season  every  commutator  before  shop  test,  it  is  neces- 
sary to  put  the  commutator  in  the  best  possible  shape  for  such 
test,  with  the  understanding  that  in  pr.ietise,  after  it  is  well 
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seasoned,  the  losses  will  doubtless  decrease  materially.  That 
is  one  of  the  handicaps  on  the  mantifacturer. 

Alexander  Gray:  Shotdd  that  seasoning  be  done  by  the 
manufacturer  or  should  that  seasoning  be  done  by  the  ptu'chaser? 
If  we  adopt  certain  standard  friction  coeflSciencies,  then  it  will 
have  to  be  done  by  the  purchaser.  If  we  do  not  adopt  these 
standards,  the  manufactiu'er  will  be  at  liberty  to  get  his  com- 
mutator into  any  kind  of  shape  he  likes,  and  we  will  test  it 
when  in  that  shape,  and  then  the  manufacturer  will  have  to  do 
the  tinkering  to  the  machine.  Most  of  us  would  be  quite  satisfied, 
on  an  order  of  twenty  machines,  to  get  a  test  on  one;  to  test  all 
of  the  twenty  would  be  somewhat  of  a  nuisance.  We  do  not  ex- 
pect elaborate  tests  on  small  machines. 

R.  B.  Treat:  The  efficiency  of  direct-current  machines  will 
in  the  majority  of  cases  be  found  to  meet  the  specifications  at 
the  time  of  factory  tests.  Whatever  reduction  of  brush  friction 
occurs  on  the  commutator  after  erection  accrues  to  the  advant- 
age of  the  customer. 

Commutator  seasoning  time  may  vary  all  the  way  from  zero  to 
six  weeks  or  more,  but  the  manufacttu'er's  brush  friction  figures 
are  usually  based  on  results  he  can  obtain  in  factory  test. 

One  disttu'bing  featiure  of  brush  tests  on  collector  rings  is  the 
chattering.  This  often  results  from  a  slip  ring  loosening  when  it 
becomes  warmed  up.  Some  recent  tests  were  conducted  with 
taper  shaft  and  ring  fitted  with  a  follow-up  spring. 

Many  cases  of  very  rapid  brush  wear  were  cured  by  the  substi- 
tution of  rings  that  could  not  become  loose,even  where  the  original 
ring  could  not  be  declared  "  loose  "  by  hand  examination. 

Brush  friction  probably  decreases  as  the  current  increases. 
The  general  result  of  many  tests  indicates  this  conclusion. 

W.  F.  Dawson:  I  wotdd  suggest  in  explanation  of  Professor 
Gray^s  trouble  with  brush  chattering  that  the  trailing  angle  was 
incorrect  and  that  a  reduction  in  such  angle  would  have  stopped 
the  chattering.  The  increased  friction  coefficient  observed  was 
probably  due  to  the  brush  surface  picking  copper. 

Alexander  Gray:  I  am  f)ersonally  doubtful  about  a 
leading  brush  not  chattering  so  much.  My  experience  has  been 
largely  with  machines  having  trailing  brushes,  and  if  these  are 
rotated  in  the  opposite  direction  the  brushes  will  generally 
chatter. 

B.  A.  Behrend:  As  Mr.  Lamme  has  stated,  there  are  so 
many  mysterious  factors  about  the  commutator  and  the  brushes 
and  in  the  operation  of  commutators,  that  he  has  no  hesitation 
in  frankly  saying  so.  Professor  Gray,  who  has  had  wide  experi- 
ence in  the  operation  and  design  of  direct-current  machines,  has 
come  to  the  same  conclusion. 

I  do  not  think  it  is  possible  to  adopt  a  specific  brush  angle. 
We  have  to  run  at  all  commutator  speeds  up  to  8000  ft.  These 
angles  have  to  be  adjusted,  and  it  is  often  necessary  to  undercut 
the  mica  on  some  commutators;  in  other  words,  every  possible 
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and  stiitable  means  must  be  resorted  to  in  order  to  make  the 
commutator  run  true  and  to  eliminate  the  chattering  of  brushes. 
Chattering  of  brushes  is  due  to  some  sort  of  harmonic  disturb- 
ance, and  it  becomes  cumulative  at  certain  speeds  and  under 
certain  conditions.  The  disturbing  periodic  force  can  occasion- 
ally be  eliminated,  and  though  the  natural  period  of  vibration 
remains,  the  external  cause  of  chattering  having  been  eliminated, 
the  chattering  has  been  stopped. 

Under  these  conditions  it  seems  to  me  it  would  be  folly,  as 
we  are  interested  here  in  the  subject  of  standardization,  to  lay 
down  rules  as  to  the  coefficient  of  friction,  as  to  the  angle  of 
the  brushes,  and  as  to  a  great  many  of  these  things  which  the 
manufacturer  himself  does  not  know  anything  about  as  yet.  I 
was  once  talking  to  the  chief  draftsman  of  one  of  our  large 
manufacturing  companies,  and  I  asked  him  if  he  had  any  stand- 
ards. He  said,  '*  Why,  Mr.  Behrend,  we  have  thousands  of 
them.'*  We  are  going  to  have  thousands  of  standards  if  we  have 
to  lay  down  such  rules  at  the  present  time,  because  we  do  not 
know  enough  about  these  things.  Every  day  the  field  changes. 
The  commutator  of  to-day  is  a  very  different  piece  of  apparatus 
from  what  it  was  ten  years  ago. 

F.  D.  Newbury:  I  believe  Mr.  Gray  has  been  the  only 
speaker  who  has  kept  to  the  point  at  issue  in  the  discussion  of 
the  brush  loss  papers.  The  work  before  the  Standards  Com- 
mittee, as  Mr.  Gray  said,  is  determining  how  to  measure  brush 
losses  and  not  how  to  operate  machines. 

In  regard  to  brush  friction,  I  do  not  believe  tha£  this  measure- 
ment presents  a  very  difficult  problem,  not  so  difficult  as  the 
determination  of  the  other  brush  losses  touched  on  by  Mr.  Wilson, 
losses  of  commutation,  voltage  drop,  etc.  Brush  friction  can 
be  measured  directly  on  the  machine  at  the  time  the  machine  is 
on  test  at  the  manufacturer's  plant.  If  such  determinations  do 
not  fall  within  reasonable  average  values,  it  means  one  of  two 
things;  that  the  manufacturer  must  go  to  the  expense  of  putting 
the  commutator  in  first-class  shape,  which  not  only  means 
seasoning  so  that  there  are  no  high  bars  or  high  mica,  but  running 
the  machines  a  sufficiently  long  time  to  secure  the  dark  brown 
glaze  every  one  likes  to  see  on  a  commutator;  or  that  the  cus- 
tomer accepts  such  average  values,  appreciating  the  fact  that  the 
commutator  on  shop  test  is  not  in  the  best  condition.  In  the 
case  of  other  brush  losses,  involving  voltage  drop,  I  believe  we 
will  be  forced  to  an  assumption  of  average  drop  per  brush,  or 
some  such  method  as  will  be  discussed  tonight  in  determining 
additional  losses. 

L.  E.  Underwood:  Regarding  the  nmning  of  brushes  trailing, 
I  am  inclined  to  think  that  it  is  possible  to  run  them  trailing 
with  success  at  slightly  greater  angles  than  15  deg.,  possibly 
at  20  deg.  or  even  25  deg.,  although  that  depends  a  great  deal 
upon  the  speed  and  condition  of  the  commutator. 

As  for  running  the  brushes  leading,    it  is  undoubtedly  true 
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that  for  different  speeds  of  eommutator  it  is  neeessary,  in  order 
to  get  best  results,  to  run  a  leading  brush  at  different  angles. 
That  being  the  case,  the  practical  application  of  leading  brush 
holders  on  the  same  machine  vshicli  is  used  for  various  and 
sundry  speeds,  seems  to  be  quite  a  problem.  I  do  not  see  exactly 
how  the  problem  will  be  solved. 

T.  M.  McNiece  (by  letter) :  The  determination  of  brush  losses 
is  exceedingly  difficult  under  any  conditions.  The  actual  values 
or  results  secured  by  tests  are  greatly  influenced  by  the  state  of 
the  surfaces  of  the  sliding  contacts.  The  duphcation  of  these 
surface  conditions  on  brushes  and  commutators  is  exceedingly 
difficult  and  it  is  a  problem  to  determine  whether  or  not  these 
factors  are  sufficiently  alike  in  successive  tests  to  warrant  definite 
conclusions. 

In  the  paper  by  Messrs.  Erben  and  Freeman,  attention  has 
been  called  to  the  effect  on  friction  of  various  angles  of  inclina- 
tion between  the  brushes  and  the  commutator.  In  connection 
with  this,  a  formula  is  given  for  calculating  the  watts  lost  through 
brush  friction,  and  this  formtda  is  applied  to  a  specific  case. 

Some  question  may  be  raised  in  regard  to  the  accuracy  of 
this  formula.  The  effect  of  varying  the  angle  of  inclination  of 
the  brush  with  respect  to  the  commutator  may  be  well  illustrated 
by  the  use  of  a  force  diagram.  With  holders  of  the  box  type, 
four  forces  may  be  said  to  be  acting  upon  the  brushes:  (1)  the 
pressiu-e,  P,  applied  to  the  brush  in  the  directiDn  of  its  axis; 
(2)  the  frictional  force,  PV,  at  the  brush  contact,  acting  in  the 
direction  of  rotation;  (3)  the  normal  pressure,  N,  between 
the  brush  and  commutator;  (4)  the  reaction  Hy  of  the  brush 
holder.  The  line  of  application  of  this  force  is  normal  to  the 
sides  of  brush  and  holder.  The  amount  and  direction  of  P 
and  the  direction  of  W  are  known  and  the  amount  of  W  deter- 
mined by  the  test  as  made.  The  angle  B  is  the  angle  between 
the  brush  and  the  normal  to  the  commutator  at  the  point  of 
intersection  between  the  axis  of  brush  and  the  circumference 
of  commutator. 

If  a  force  diagram  be  now  constructed  it  will  be  seen  that 

N  =      ^  p    +  W  tan  B 
cos  B 

The  formula  in  this  form  applies  to  those  cases  in  which  the 
brush  is  traihng.  When  the  brush  is  leading  the  formula  be- 
comes 

N  =  — ~  -  H^  tan  5 
cos  B 

The  coefficient  of  friction  may  then  be  calculated  from  the 

W 
formula  F  =  nr?,  where  F  is  the  coefficient  of  friction. 

N 
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Substituting  in  this  equation  the  values  of  iV,  for  both  trailing 
and  leading  brushes,  we  find  that 


W  =  -r 


F  P 


sin  A  —  F  cos  A 
tor  trailing  brushes  and 


W=   -. 


FP 


sin  i4  +  F  cos  A 

for  leading  brushes,  where  A  is  the  angle  between  the  brush  and 
the  tangent  to  the  commutator  at  the  point  of  intersection  of  the 
axis  of  the  brush  with  the  commutator. 

When  the  brush  is  trailing,  the  normal  pressure  is  found  to  be 
composed  not  only  of  the  projection  of  the  applied  pressure,  P, 
but  also  of  the  added  projection  of  the  reaction,  //,  of  the  brush 
holder.  The  forces,  P  and  F,  combine  to  make  H  of  considerable 
moment  in  the  trailing  brush.  The  normal  component  of  this 
latter  force  may  be  sufficiently  great  to  hold  a  brush  on  the  under 
side  of  the  commutator  without  any  spring  tension  and  against 
its  own  weight. 

The  cause  of  the  greater  friction  in  the  trailing  brush  may  be 
said  to  lie  in  the  greatly  augmented  normal  pressure  on  account 
of  this  wedge  action  of  the  brush  between  the  holder  and  the 
commutator.     As  indicated  in  the  formula 

FP 

IV  = 


sin  A  —  F  cos  A 

for  trailing  brushes,  there  is  a  certain  value  of  the  angle  A  for 
each  value  of  Fj  where  theoretically  W  becomes  equal  to  in- 
finity. This  is  at  the  point  where  the  tangent  of  the  angle  A 
is  equal  to  F  and  the  reaction,  N,  at  this  instant  is  infinitely 
great.  Before  this  point  is  reached  the  holder  or  brush  would 
yield,  or  the  braking  action  would  stop  the  rotation  of  the  com- 
mutator. 

In  the  leading  brush,  the  action  of  the  force  W  tends  to  decrease 
the  wedge  action  of  the  l)rush  as  well  as  to  decrease  the  applied 
pressure  P.  As  a  result  of  tliis,  the  normal  pressure  is  greatly 
decreased,  with  a  consequent  reduction  in  friction.  The  formula 
in  the  paper  under  discussion  would  therefore  take  the    form 

P  X  FX  V  X  740 
If    = 


33000  (sin  yl  +  Pcos.4) 

Sufficient  work  has  not  been  done  along  these  lines  to  enable 
us  to  say  how  closely  results  may  be  expected  to  agree  with 
the  theoretical  formula,  or  what  correction  factors  may  have  to 
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be  applied  in  order  to  make  this  equation  of  working  value.  A 
later  report  will  be  made  as  soon  as  definite  results  are  secured. 

There  is  always  a  certain  degree  of  eccentricity  which  may 
cause  a  very  slight  rise  and  fall  of  the  brushes  in  the  holders 
and  it  is  possible  that  the  slight  friction  between  sides  of  the 
holder  and  the  brush  may  affect  the  restdts  to  some  extent.  The 
clearance  between  brushes  and  holders  may  also  exert  some  effect 
on  these  quantities. 

Another  factor  which  would  imdoubtedly  have  a  considerable 
influence  on  this  point  is  the  rigidity  of  the  holders,  especially 
when  the  brushes  arc  trailing.  The  brush  holders  on  a  friction 
testing'  machine  should  be  rigidly  constructed  and  supported, 
or  they  will  have  a  great  influence  on  chattering,  which  will 
seriously  affect  the  fnctional  readings.  A  study  of  these  con- 
ditions leads  to  the  conclusion  that  trailing  brushes  demand 
much  more  rigid  holders  than  leading  brushes. 

In  view  of  the  form  taken  by  this  formula,  it  is  recommended 
that  the  characteristic  friction  tests  made  on  any  grade  of  brushes 
be  made  with  the  brushes  in  a  radial  position.  The  proper 
friction  at  any  angle  can  then  be  calctdated  from  this  formula. 
This  will  simplify  the  tests  very  greatly. 

L.  R.  Berkeley  and  E.  H.  Martindaie  (by  letter) :  There  is 
one  phenomenon  which  has  not  been  mentioned  in  this  paper 
which  is  worthy  of  much  investigation,  namely  the  variation 
of  friction  with  different  current  densities.  The  accompany- 
ing figures  are  an  average  of  the  results  obtained  on  foiu:  differ- 
ent grades  of  carbon  brushes,  with  comparatively  high  coeflScient. 


Amperes  per  sq.  in. 

Coefficient  of  friction 

0 

0.81 

20 

0.69 

40 

0.41 

60 

0.34 

80 

0.30 

100 

0.27 

These  results  were  obtained  on  a  copper  slip  ring  at  a  pressure 
of  2  lb.  per  sq.  in.  (70.4  grams  per  sq.  cm.)  and  at  a  peripheral 
speed  of  1000  ft.  (305  m.)  per  minute,  with  brushes  set  in  a 
radial  position. 

From  the  table  it  is  seen  that  the  coefficient  of  friction  at 
100  amperes  per  sq.  in.  (15.5  amperes  per  sq.  cm.)  is  one-third  as 
great  as  when  no.  current  is  passing  through  the  brush.  The 
writers  believe  this  may  be  due  to  a  graphitization  of  carbon  par- 
ticles by  the  small  electric  arc  which  carries  the  current  between 
the  brush  and  the  commutator. 

This  phenomenon  cannot  be  explained  by  change  in  tempera- 
ture, as  artificial  heat  will  not  produce  the  same  effect,  in  fact, 
heat  usually  tends  to  increase  rather  than  decrease  the  friction. 

After  the  current  is  shut  off  it  requires  from  three  to  fifteen 
minutes  for  the  friction  to  rise  to  the  normal  zero  current  value. 
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T.  M.  McNiece  (by  letter) :  As  stated  by  Mr.  C.  E.  Wilson, 
the  contact  drop  losses  are  so  intimately  associated  with  others 
which  may  be  termed  commutation  losses,  that  their  accurate 
separation  seems  to  be  practically  impossible  at  this  time. 

In  practise  the  PR  loss  at  the  brush  contacts  is  often  so 
much  greater  than  the  loss  which  would  be  indicated  by  test  on 
a  slip  ring  or  short-circuited  commutator  at  the  rated  ciurent 
density,  that  the  tests  may  be  said  to  give  almost  no  indica- 
tion of  the  loss  to  be  expected  at  this  point.  It  seems  very  proper 
to  separate  such  losses  from  the  brush  losses  if  possible,  and  since 
they  depend  entirely  on  certain  details  of  design  and  construc- 
tion of  the  machines,  the  pure  brush  losses  should  be  determined 
and  increased  by  a  certain  factor  which  might  be  termed  a 
commutating  constant.  This  constant  would  be  peculiar  to 
the  type  of  machine  upon  which  the  brushes  are  to  be  used. 

It  seems  advisable  in  making  contact  drop  tests,  to  make  all 
standard  tests  upon  radial  brushes.  In  view  of  the  great  changes 
produced  in  the  normal  reaction  between  brush  and  commutator 
by  running  the  brushes  at  various  angles,  and  since  this  normal 
reaction  also  has  great  influence  on  contact  drop,  it  would  seem 
that  these  effects  might  be  determined  by  the  xise  of  suitable 
constants. 

The  decreased  friction  secured  by  operating  the  brushes  in  a 
leading  position  cannot  be  said  to  be  a  net  gain,  as  it  may  be 
assumed  that  under  the  decreased  effective  pressure,  the  contact 
losses  will  be  increased  to  a  certain  extent. 

The  variations  introduced  by  running  the  brushes  at  different 
angles  are  merely  those  which  would  be  produced  by  changes  in 
effective  pressure  and  area. 

From  an  analysis  of  the  conditions  accompanying  the  deter- 
mination of  brush  losses,  it  seems  that  in  friction  losses  as  well 
as  voltage  losses,  the  most  satisfactory  methods  for  securing  these 
results  will  be  those  in  which  the  characteristic  tests  are  applied 
under  the  most  simple  conditions  and  the  results  of  these  stand- 
ard tests  modified  by  the  application  of  factors  to  be  determined 
by  the  actual  condition  of  operation.  This  system  would  result 
in  simpler  and  more  effective  standardization  of  testing  methods. 

(c)  Generators,  A-C.  and  D-C;  and  {d)   Errors  of  Tests 

John  L.  Harper:  There  are  statements  in  the  paper  by 
Messrs.  Foster  and  Knowlton  which  seem  to  warrant  ftuther 
consideration,  reference  being  made  especially  to  the  first  para- 
graph in  the  stunmary.  The  authors  describe  four  methods  of 
determining  losses,  in  each  of  which  it  will  be  noted  a  different 
result  was  obtained. 

These  losses  are  measured  for  the  piu*pose  of  determining  the 
eflBciency  of  the  generators.  Now,  if  the  efficiency  of  a  generator 
could  be  determined  by  the  use  of  several  different  methods, 
which  under  the  same  conditions  gave  different  results,  this  one 
generator  at  the  same  moment  would  have  several  different 
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efficiencies,  depending  upon  the  method  used  for  determining 
the  losses  or  upon  the  wording  of  the  contract  under  which  it 
was  furnished,  or  whether  the  designing  engineer  had  been  so 
incorrect  in  his  computation  that  it  was  necessary  to  boost  the 
efficiency  by  a  choice  of  methods. 

It  may  be  conceded  that  efficiency  might  vary  with  time  or 
conditions,  and  that  errors  of  measurement  of  energy  and  losses 
may  exist.  But  it  is  undoubtedly  true  that  a  generator  can  have 
only  one  efficiency  at  one  time. 

I  therefore  believe  that  the  Standardization  Rules  should  be 
explicit  and  frank  in  the  statement  that  the  efficiency  of  an 
apparatus  is  a  fact,  and  not  a  variable  result  depending  upon  the 
method  of  determination. 

The  gentleman  who  prepared  the  articles  on  efficiency  in  the 
old  rules  probably  never  intended  that  a  manufacturer  should 
claim  the  approval  of  these  rules,  in  requiring  a  purchaser  to 
accept  and  pay  for  apparatus  as  meeting  efficiency  requirements 
when  such  so-called  efficiency  determination  was  based  on  the 
shop  measurement  of  certain  segregated  losses;  when  this  same 
apparatus  after  being  set  up  and  tested  by  a  method  closely 
resembling  the  "  circulating  energy  "  method  (mentioned  in  the 
paper  as  the  most  correct  of  the  determinations) ,  was  shown  to 
have  additional  losses  which  brought  the  efficiency  down  to 
about  3  per  cent  below  the  specifications. 

As  one  of  that  part  of  the  membership  of  the  Institute  which 
is  not  connected  with  the  manufacturing  interests,  it  is  not  my 
desire  to  put  forward  such  methods  of  measurement  of  efficiency 
as  will  cause  tmdue  or  unnecessary  expense  to  the  manufacturer, 
thereby  increasing  over-all  expense  which  is  added  to  prices 
which  customers  must  pay;  and  it  is  far  from  my  intent  to 
assume  that  it  would  be  right  or  proper  to  require  small  and 
stock  apparatus  to  be  sold  under  any  special  efficiency  require- 
ments. 

It  is  only  my  dcvsire  to  ask  that,  in  tlie  further  consideration 
now  being  given  the  Standardization  Rules,  the  word  efficiency 
be  considered  to  mean  true  efficiency ;  and  that  the  Institute  give  its 
approval,  for  the  purpose  of  determining  efficiency,  only  to  such 
methods  as  measure  all  the  loss  (within  the  limits  of  correctness 
of  measuring  instruments),  and  also  such  methods  as  represent 
a  minimum  probable  error;  and  that  any  other  commercial 
methods  be  accepted  only  as  approximates  of  efficiency,  and 
be  approved  only  on  that  basis.  What  I  want  to  bring  out  is 
that  methods  in  which  all  the  losses  are  not  determined  should 
not  be  used  for  efficiencies,  but  should  be  used  in  determining 
commercial  approximations  of  efficiency  which  are  approved 
on  this  basis.  Therefore,  in  my  opinion  the  drafters  of  the  new 
rules  should  make  clear  what  is  intended  by  the  term  efficiency, 
and  then  so  generalize  the  methods  of  determining  the  losses, 
that  facts  cannot  be  evaded,  and  still  full  leeway  may  be  ob- 
tained for  the  adoption  and  use  from  time  to  time  of  more 
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correct  methods  of  determininj^  all  the  losses  in  electrical  appar- 
atus. 

It  is  unfortunate  that  the  classes  of  apparatus  chosen  by 
Messrs.  Foster  and  Knowlton  for  these  determinations  are  such 
that  the  difference  in  tlie  losses  determined  by  the  segregated 
loss  method  and  the  **  circulating  energy  *'  method  appears  to 
be  slight,  for  in  my  own  ex|Derience,  gotten  in  the  Niagara 
Falls  district  in  connection  with  apparatus  from  the  smallest  to 
the  largest  sizes,  it  has  come  under  my  observation  that  in 
certain  classes  of  machinery  a  difTcrence  of  two  or  three  per 
cent  may  be  found  in  the  losses  as  determined  by  the  manufactur- 
ers according  to  the  segregated  loss  method,  and  those  found  after 
erection,by  methods  which  measure  all  the  losses  with  minimum 
error  and  of  the  general  form  called  "  circulating  energy  ** 
methods  in  the  experiments  of  the  above  authors. 

In  general,  in  small  apparatus  the  exact  determination  of 
efficiency  is  of  little  interest  to  the  purchaser.  In  the  larger, 
and  often  the  special  apparatus  used  in  the  Niagara  vicinity, 
exact  determination  of  efficiency  is  of  vital  importance,  often 
representing  the  payment  or  non-payment  of  hundreds  of 
thousands  of  dollars,  and  it  is  hoped  that  the  Institute  will  not 
approve  such  methods  of  determining  losses  that  the  purchasers 
of  this  class  of  apparatus  will  be  obliged  to  oppose  the  standards 
approved  by  the  Institute,  but  may  rather  be  assisted  by  them 
in  obtaining  correct  efficiency  determinations  of  any  of  their 
electrical  apparatus. 

Leo  Schuler:  In  the  German  Standards  Committee  we 
have  recently  discussed  very  carefully  the  question  of  what  we 
call  **  additional  losses."  We  have  tried  to  get  some  method 
for  taking  these  losses  into  consideration,  but  so  far  we  have 
failed.  We  have  considered  the  proposition  contained  in  your 
present  rules,  w^hich  takes  one-third  of  the  short-circuit  loss, 
but  this,  I  understand,  is  only  intended  for  synchronous  alterna- 
tors. You  do  not  give  any  hint  how  to  check  additional  losses, 
in  the  case  of  direct-current  machines  or  induction  motors. 

I  have  looked  forward  with  great  interest  to  what  is  to  be 
said  about  this  question  here,  but  as  far  as  I  can  see,  it  will  be 
very  difficult  indeed  for  the  Standards  Committee  to  condense 
these  papers  into  certain  rules  to  be  applied  to  all  kinds  of 
machinery,  and  I  should  strongly  advise  you,  if  you  do  not  arrive 
at  a  very  definite  method  of  doing  it,  and  I  do  not  think  you  will, 
to  leave  the  additional  losses  out  altogether  and  do  as  we  have 
decided  to  do,  that  is,  call  the  efficiency  measured  by  the  sep- 
arate loss  method  the  ''  conventional  efficiency  "  or  something 
of  that  kind,  an  efficiency  which  is  somewhat  lower  than  the 
real  efficiency,  but  you  do  not  know  how  much  lower  it  is.  This 
proposition  is  not  very  good,  but  I  think  it  will  be  the  best  you 
can  do. 

R.  E.  Hellmund:  I  wish  to  make  a  few  remarks  about  the 
paper    on    "  Losses    in    Commutating    Machines,"    especially 
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referring  to  direct-current  machines.  The  hope  is  expressed  in 
this  paper  that  it  will  be  possible  to  get  a  constant  percentage 
which  should  be  added  to  the  PR  losses  in  order  to  take  into 
accotmt  the  stray  losses.  This,  of  course,  would  get  the  average 
efficiency  slightly  more  correct,  but  it  certainly  would  not  show 
the  merits  of  the  various  niachines.  The  reason  for  this  is 
that  the  stray  losses  axe  very  numerous  in  direct-current 
machines,  in  fact  in  all  commutator  machines. 

In  the  pai:)er  referred  to,  the  authors  mention  only  the  com- 
mutation losses  and  the  loss  due  to  flux  distortion.  These  are 
some  of  the  most  important  losses,  but  there  are  a  large  number 
of  others,  which  in  some  motors  may  be  rather  large.  We  have  first 
the  regular  iron  core  losses,  which,  of  course,  are  little  influenced 
by  the  distortion,  but  even  these  may  be  somewhat  influenced 
by  the  interpole  flux  which  exists  only  at  load.  The  same  is 
true  with  regard  to  the  core  losses  in  the  teeth.  Here,  as  the 
paper  mentions,  the  distortion  of  the  main  field  is  of  importance, 
but  the  interpole  flux  may  also  add  some  losses  at  load.  Further, 
there  may  be  some  extra  losses  in  the  surface  of  the  interpoles, 
which  are  due  to  the  fluctuations  caused  by  the  passing  of  the 
armature  teeth.  Then  we  have  similar  losses  in  the  stirface  of 
the  main  poles,  which  also  change  with  the  distortion. 

Further,  if  the  relation  of  the  teeth  to  the  pole  face  has  certain 
proportions,  the  total  reluctance  of  the  magnetic  path  changes, 
and  this,  of  course,  will  tend  to  set  up  fluctuations  in  the  main 
flux  which  in  turn  will  set  up  eddy  currents  in  the  frame  casting, 
as  well  as  in  the  short-circuited  coils  imder  the  brushes;  this, 
of  course,  again  means  losses.  It  has  also  been  shown  that 
considerable  losses  may  occiu*  in  the  commutator  bars,  and 
with  very  heavy  currents  and  heavy  bars  this  loss  may  be  appre- 
ciable in  some  machines. 

Finally,  we  have  some  losses  which  seem  to  me  rather 
important,  and  which  exist  even  with  ideal  commutation.  The 
paper  mentions  that  commutation  losses  exist  if  the  commutation 
is  not  perfect.  These  losses  are  important,  but  even  if  the 
commutation  is  perfect,  the  current  direction  in  the  armature 
changes;  in  other  words,  the  current  in  the  armature  conductor 
is  alternating  ciurent,  and  we  know  very  well  that  in  alternating 
machines,  with  heavy  conductors,  the  losses  in  the  conductors 
are  rather  large.  There  is  no  reason  why  we  should  not  have 
the  same  losses  in  the  armature  conductors  of  direct-current 
machines.  These  losses  are  due  to  the  fact  that  the  ciurent 
sets  up  fluxes  across  the  slot  and  these  fluxes  reverse  when  the 
coil  passes  the  commutator  zone,  thereby  inducing  voltage 
and  consequent  eddy  ciurents.  Then  we  have  certain  losses  in 
the  armature  conductors  imder  the  pole  tips,  in  case  the  satura- 
tion in  the  teeth  is  very  high.  This  is  due  to  the  fact  that  the 
reluctance  of  the  teeth  just  imder  the  pole  is  very  high,  while  the 
reluctance  of  the  teeth  next  to  the  pole,  with  small  saturation,  is 
rather  low.     The  difference  will  cause  a  certain  flux  to  pass 
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across  the  slot,  and  since  this  is  a  changing  flux  there  will  be 
eddy  losses.  These  losses  were  mentioned  this  morning.  Finally 
we  have  the  losses  in  the  bands  and  coils. 

It  can  be  seen,  with  such  a  variation  of  losses,  that  it  would  be 
hardly  fair  to  assume  that  the  stray  losses  are  similar  in  all 
machines,  and  I  think  that  an  attempt  should  be  made  to  get  at 
these  losses  separately.  This,  of  course,  can  only  be  done  by 
building  machines  which  have  only  one  of  these  losses  at  a 
time  to  any  appreciable  amotmt,  and  making  tests  along  that 
direction. 

In  connection  with  commutator  machines,  it  seems  important 
for  us  to  consider  not  only  the  direct-ciurent  commutator 
machines,  but  also  the  single-phase  and  three-phase  commutator 
machines,  for  standardization.  Some  work  along  this  line  is 
especially  desirable,  because  certain  losses  cannot  very  readily 
be  tested  in  case  of  alternating-current  motors,  and  in  order  to 
avoid  complications  it  is  always  good  to  have  some  rules  as  to  how 
they  should  be  taken  into  account,  when  ideal  methods  of  test- 
ing are  not  known.  While  the  influence  of  the  field  distortion  in 
the  single-phase  motor  is  usually  not  so  important  as  in  the 
direct-current  machine,  we  have  other  losses.  For  instance,  we 
have  alternating  current  in  all  windings  and  consequent  losses, 
and  also  the  conditions  are  rather  complicated  due  to  the  fact  that 
there  is  a  main  flux  and  a  cross  or  transformer  flux.  Since  it  is 
impossible  to  get  a  combination  of  the  two  fluxes  as  they  actually 
exist,  without  having  the  load  on  the  machine,  there  is  at  the 
present  time  no  method  of  testing  the  core  losses  at  all. 

W.  J.  Foster:  The  two  papers  which  I  wish  to  discuss  are 
those  by  Messrs.  Olin  and  Henderson  and  by  Messrs.  Foster  and 
Knowlton.  The  first  contains  diagrams  showing  connections  of 
machines  that  must  be  considered  in  connection  with  the  second 
paper,  as  that  is  not  as  complete  as  it  should  be.  Now,  reference 
was  made  this  afternoon  to  the  "  circulating  energy  "  method 
which  was  advocated  by  Messrs.  Olin  and  Henderson,  as  a 
safe,  reliable  and  accurate  method,  and  a  practicable  one,  where 
two  identical  alternating-current  generators  or  motors  are 
available.  By  referring  to  their  paper,  you  will  find  a  diagram 
given  for  connecting  together  two  alternators  for  an  input-output 
test.  It  consists  in  placing  the  machines  back  to  back,  with  a 
coupling  so  arranged  as  to  give  an  angle  in  one  direction  for  one 
machine,  and  in  the  other  direction  for  the  other  machine,  and  so 
that  they  will  operate  as  generator  and  motor  under  certain 
conditions  of  load  and  power  factor,  and  any  conditions  of 
load  and  power  factor  may  be  obtained  by  changing  this  adjust- 
ment. There  is  a  direct-connected  motor,  preferably  a  direct- 
current  motor,  such  as  would  be  used  in  determining  core  losses 
or  the  friction  and  windage.  It  is  not  necessary  to  have  the 
motor  direct-connected,  as  it  can  just  as  well  be  belted. 

The  determination  of  load  losses  by  this  method,  I  have  foimd, 
by  a  ntunber  of  tests,  involves  no  more  difficulty,  and  is  just  as 
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acctirate  as  the  determination  of  windage  or  core  losses  by  the 
same  method.  The  only  objection  that  might  be  made  to  it, 
possibly,  is  that  one  machine  is  ojx^rating  as  a  generator  and  the 
other  as  a  motor,  and  wc  must  assume  that  practically  the  same 
effect  is  obtained  in  the  motor  as  in  the  generator  in  the  matter 
of  the  additional  losses  due  to  the  presence  of  the  current  in  the 
primary.  In  working  up  the  results,  the  open-circuit  core  loss 
in  the  generator  is  taken  at  the  normal  voltage,  plus  the  IR 
drop,  and  in  the  motor,  the  normal  voltage  minus  the  IR  drop. 
That  method  is  compared  by  Messrs.  Foster  and  Knowlton  as 
to  the  results  obtained  with  two  or  three  other  methods  that 
were  tried.  One  of  the  other  methods  that  the  authors  imdertook 
with  considerable  confidence  that  it  would  prove  the  practicable 
one,  was  the  no-load  phase  characteristic,  for  the  reason  that 
when  an  alternator  is  nmning  with  a  very  weak  field,  or  very 
strong  field,  just  so  as  to  have  full -load  current  in  the  armature 
at  the  normal  voltage,  it  seems  probable  that  the  same  conditions 
exist,  as  far  as  producing  the  stray  load  losses  are  concerned,  as 
under  normal  load.  The  trouble  with  that  method  is  the  meas- 
urements which  must  be  made  by  wattmeters,  first  with  the 
lagging  current,  and  then  with  the  leading  current,  and  that  the 
results  must  be  compared  with  another  value  that  is  almost  as 
great,  namely,  that  obtained  at  the  minimum  current  input. 
There  are  many  little  errors  in  the  readings  when  you  are  reading 
a  comparatively  large  quantity,  which  may  amount  to  a  very 
decided  error  when  considered  with  reference  to  a  small  quantity 
that  is  the  difference  of  two  large  quantities.  All  such  errors 
are  eliminated  in  the  **  circulating  energy  method.** 

This  particular  method  of  **  circulating  energy  "  must  not 
be  confused  with  a  form  of  oj)cration  in  testing  that  consists 
of  coupling  together  two  alternating-current  generators  or 
motors  in  phase,  supplying  the  necessary  energy  to  run  them 
from  a  third  generator,  and  obtaining  the  current  desired  by 
adjustment  of  excitation.  In  this  method  we  do  not  obtain  the 
correct  conditions  of  potential,  field  excitation,  etc.,  whereas 
in  the  one  I  have  just  described  all  conditions  are  normal,  and 
there  is  just  that  one  difference  between  the  machines,  that  one 
is  a  motor  and  the  other  a  generator. 

The  authors  hav^e  given  a  great  many  data,  these  data  having 
been  avaikil)le  and  having  been  selected  out  of  a  great  mass  of 
data  of  I ests  made  on  machines  extending  back  for  fifteen  years. 
We  do  not  have  data  availal)le  on  this  new  method,  because  it  has 
not  been  in  use.  The  data  given  in  these  tables  were  available 
because  the  Institute  has  had  a  rule  that  for  what  it  has  called 
load  losses,  a  short-circuited  core  loss  sliould  l:)e  detei mined,  and 
one-third  of  that  taken.  By  referring  to  these  tables  you  will 
see  that  in  some  cases  the  second  column  under  *'  core  losses  *' 
shows  in  certain  cases  the  short-circuited  core  loss  to  be  as  great 
as  1 . 5  per  cent  of  the  full-load  energy  of  the  machine,  and  would 
affect  its  efficiency  1.5  per  cent,  and  that  in  certain  cases  the 
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short-circuit  core  loss  is  greater  than  the  PR  loss,  and  in  certain 
other  cases  greater  than  the  open-circuited  core  loss,  and  in 
some  greater  than  either;  but  by  taking  one-third  of  that,  it 
will  reduce  the  efficiency  from  one-quarter  to  one-half  per  cent, 
but  you  will  also  notice  that  the  general  average  of  all  the 
machines  is  rather  low,  something  like  one-half  of  one  per  cent; 
and  when  we  take  one-third  of  that,  it  amounts  to  only  one-sixth 
of  one  per  cent,  so  that  the  machines  have  not  been  badly  pim- 
ished  in  the  past,  you  may  say,  where  the  efficiency  has  been 
determined  by  taking  into  consideration  one-third  of  the  short- 
circuited  core  loss. 

The  input-output  method  was  not  tried  on  any  one  of  these 
three  machines,  but,  in  connection  with  other  machines  tests  were 
made  by  the  input-output  method,  as  has  been  referred  to  by 
other  speakers.  Such  tests  involve  great  difficulty  and  do  not 
inspire  confidence,  since  the  tests  obtained  at  different  times  by 
different  men  give  such  widely  different  results;  whereas,  with  the 
"  circulating  energy  '*  method,  the  results  agree  with  one  another 
every  time  you  make  the  test,  as  closely  as  they  do  in  the  open- 
circuited  core  losses  or  determination  of  windage. 

A  speaker  this  afternoon  referred  to  some  of  the  machines 
given  in  the  tabulation,  as  having  very  low  short-circuited  loss, 
and  that  it  was  unfortunate  that  machines  had  not  been  selected 
that  had  high  short-circuited  loss.  We  feel  the  same  way,  but 
there  did  not  seem  to  be  available  any  machine  that  had  a  high 
short-circuited  core  loss,  and,  therefore,  we  ran  one  of  these 
machines  single-phase,  and  greatly  to  our  surprise,  the  loss 
there  loomed  up  large,  as  you  will  see  by  referring  to  Fig.  11  of 
Foster  and  Knowlton^s  paper.  Comparing  Fig.  11  with  Fig.  9, 
which  refers  to  the  same  machine,  you  see  that  the  short-circuited 
loss  amounts  to  3  per  cent  of  the  single-phase  rating  of  the 
machine;  whereas,  when  operating  three-phase,  it  amounts  to  a 
little  less  than  one-half  per  cent. 

What  we  wish  to  suggest  to  the  Standards  Committee  is  that 
they  do  not  discard  these  short-circuited  core  losses  until  further 
data  are  accumulated,  as  we  think  it  probable  that  the  entire 
short-circuited  core  loss  should  be  taken.  Another  evidence 
that  we  have  that  the  entire  short-circuited  core  loss  should  be 
taken  is  what  we  have  obtained  from  tlie  heating  of  the  machines. 
There  are  now  available  a  groat  many  data  on  the  enclosed  type 
of  machines,  not  only  steam  turlnne  generators  but  water-wheel 
generators.  It  is  a  comparatively  easy  matter  to  measure  the 
temperature  rise  of  the  air  passing  tlirough  the  machine,  when 
it  is  operating  under  load;  then  run  the  machine  on  open-circuit 
at  over- voltage  at  a  point  wliere  tlie  losses  are  equal  to  the  com- 
bined segregated  losses  as  determined  by  tlie  ordinary  method. 
The  difference  in  the  temperature  rise  of  the  ventilating  air 
imder  the  two  conditions  is  the  measure  of  the  load  losses. 

F.  D.  Newbury:  The  question  before  the  meeting  is  not 
whether  all  losses  should  be  taken  into  account  in  determining 
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the  efficiency,  but  the  best  method  of  determining  the  true 
efficiency.  The  operating  engineer  can  have  no  legitimate 
objection  to  any  method  that  takes  all  losses  into  account, 
whether  that  method  is  based  on  the  determination  of  the 
separate  losses,  or  on  the  direct  measurement  of  input  and 
output. 

Mr.  Robinson's  paper  shows  the  difficulty,  if  not  the  impossi- 
bility, of  obtaining  an  accurate,  true  efficiency  by  the  direct 
measurement  of  input  and  output,  even  in  the  most  favorable 
case,  where  both  can  be  measured  electrically.  Even  with  his 
well-known  ability  and  unexampled  facilities,  the  extra  load 
losses  are  very  elusive.  The  load  losses  as  shown  in  curves  1  and 
3  depart  markedly  from  the  known  law  of  their  variation  with 
load.  The  reasons  for  this  are  well  brought  out  in  the  paper  by 
Messrs.  Chute  and  Bradshaw.  One  probable  reason  for  the 
obviously  incorrect  results  shown  in  curve  No,  3  is  the  imusually 
high  efficiency  of  this  set.  With  a  combined  efficiency  at  full 
load  of  91.3  per  cent  by  separate  losses,  the  efficiencies  of  the 
separate  machines  would  have  to  be  97  per  cent  for  the  alternat- 
ing-current motor  and  94.5  per  cent  for  each  500-kw.  direct- 
current  generator.  These  are  unusually  high  efficiencies  for 
machines  of  this  class.  The  combined  efficiency  of  88.7  per 
cent  in  the  1000-kw.,  250-volt  set  more  nearly  represents  com- 
mercial figures. 

If  the  correctness  of  this  statement  be  granted,  then  it  follows 
that  more  accurate  efficiencies  will  be  obtained  from  the  separate 
loss  method  (including  all  losses)  than  by  the  most  careful 
input-output  tests. 

Alternating' Current  Machines,  Three  recommendations  for 
estimation  of  extra  load  losses  are  made: 

1.  That  open-circuit  core  loss  and  calculated  PR  loss  be 
increased  by  a  factor  1 . 1  to  cover  the  extra  load  losses. 

2.  That  the  measured  short-circuit  load  loss  be  taken  as  the 
load  loss. 

3.  That  one-half  measured  short-circuit  load  loss  be  taken 
as  the  load  loss. 

The  relation  between  the  load  losses  measured  imder  short- 
circuit  conditions  and  those  existing  under  actual  load  is  too 
complicated  to  permit  any  general  statement  to  be  made  that 
will  apply  to  all  generators.  Consequently,  it  is  very  difficult 
to  make  one  rule  apply  to  all  machines.  I>oad  losses  may  be 
roughly  divided  into  three  classes: 

1.  Increase  in  armature  core  loss  due  to  change  in  flux  dis- 
tribution. 

2.  Eddy  and  hysteresis  losses  in  adjacent  metal  parts  due  to 
the  stray  field  from  armature  current. 

3.  Eddy  current  loss  in  the  copper  conductors. 

In  generators  having  well-divided  armature  conductors  and 
small  flux  per  pole  (including  all  small  generators  and  all  engine 
type  generators)  the  load  losses  are,  tmdoubtedly,  mainly  due  to 
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flux  distortion.  For  example,  the  150-kv-a.,  900-rev.  per  min. 
generator  referred  to  by  Olin  and  Henderson;  the  measured 
load  loss  for  one  generator  at  full  load  was  0.61  kw.  and  at  IJ 
load  1 .  55  kw.  The  measured  short-circuit  loss  (including  PR 
loss)  is  2. 3  kw.  at  normal  load  amperes  and  3.7  kw.  at  li  normal 
load  amperes.  The  PR  loss  calculated  by  Olin  and  Henderson 
is  2. 27  kw.  at  full  load  and  3. 55  kw.  at  li  load.  The  measured 
short-circuit  load  loss  is,  therefore,  practically  zero  at  full  load 
and  0. 15  kw.  at  IJ  load.  The  calculated  PR  loss  is  based  on  an 
assumed  temperature  which  may  or  may  not  have  existed  during 
the  short-circuit  test,  as  pointed  out  by  Brainard.  Comparing 
the  meastired  load  losses  at  ftdl  load  with  the  load  losses  at  short 
circuit,  the  actual  load  losses  at  ftdl  load  are  seen  to  be  greatly 
in  excess  of  those  at  short  circuit.  The  difference  is,  imdoubtedly, 
due  to  the  increased  tooth  loss  under  load,  due  to  armature  reac- 
tion. This  same  increase  in  measured  load  loss  at  ftdl  load  over 
the  corresponding  loss  at  short  circuit  is  shown  in  the  110-kv-a., 
900-rev.  per  min.  generator  referred  to  by  Foster  and  Knowlton. 

In  large  mediiun-speed  generators  involving  moderate  flux  per 
pole,  the  load  losses  are  probably  due  to  flux  distribution  and  to 
increased  stray  field. 

In  high-speed  steam  and  water  turbine  generators,  the  load 
losses  are  a  combination  of  all  three  classes. 

Single-phase  generators  are  in  a  class  by  themselves,  due  to  the 
pulsating  armature  field  in  distinction  to  the  rotating  armature 
field  existing  in  polyphase  generators. 

I  believe  that  a  combination  of  the  correcting  factor  advocated 
by  Olin  and  Henderson  and  the  direct  measurement  of  load 
losses  at  short  circuit  advocated  by  Foster  and  Knowlton  will 
be  necessary.  Moreover,  different  correcting  factors  will  be 
necessary  for  different  frequencies  and  for  single-phase  gen- 
erators. The  correcting  factor  is  undoubtedly  nearer  the  truth 
with  small  moderate-speed  machines  and  low-speed  engine 
type  machines.  For  large  moderate-speed  and  all  turbo-gen- 
erators, the  actual  load  losses  are  probably  equal  to  the  measured 
losses  at  short  circtiit,  judging  from  the  data  submitted  by  Foster 
and  Knowlton.  For  single-phase  generators,  obviously  the 
measured  short-circuit  losses  are  nearer  the  true  load  losses 
than  those  obtained  by  a  factor  based  on  polyphase  machines. 
I  agree  with  Mr.  Foster  that  we  should  measiure  the  load  losses 
directly  by  the  *'  circulating  power  "  method.  That  method, 
however,  is  greatly  limited  by  the  fact  that  two  dupli- 
cate generators  are  necessary,  and  it  is  an  expensive  test  to 
make,  so  that  it  can  only  be  used  where  the  size  of  the  machine 
and  importance  of  exact  efficiency  demands  that  care  and  expense 
in  the  testing  work.  In  spite  of  the  complicated  relation  exist- 
ing between  actual  load  and  short-circuit  conditions,  it  is  interest- 
ing to  note  the  close  agreement  between  load  losses  calculated  by 
the  two  methods  as  presented  by  Mr.  Knowlton  in  his  discus- 
sion.   It  is  also  interesting  to  note  that  the  load  losses  by  any 
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method  of  calculation  are  small  when  expressed  as  per  cent  of 
the  machine  output.  In  25-cycle  generators,  the  average  is  well 
imder  one-half  per  cent,  and  in  60-cycle  generators  the  average 
is  well  under  three-foiui^hs  per  cent. 

Direct' Current  Machines,  Comparing  the  Olin-Henderson 
paper  and  the  Erben-Page  paper,  the  results  are  seen  to  be  in 
fairly  close  agreement  for  the  470-h.p.,  direct-current  commuta- 
ting  pole  motor  in  the  former  paper  and  the  500-kw.,  720-rev. 
per  min.  commutating  pole  generator  in  the  latter  paper.  The 
correction  factor  for  the  470-h.p.  motor  is  1 .  27  at  full  load,  while 
it  is  1 .  29  for  the  500-kw.  generator  at  full  load;  while  at  1 J  load 
the  former  is  1.37  for  both  machines.  In  both  machines  the 
load  losses  are  very  closely  proportional  to  the  square  of  the 
load. 

The  non-commutating  pole  machines  follow  an  entirely  dif- 
ferent law  in  regard  to  the  variation  of  load  losses  with  load, 
and  the  same  constants  cannot  be  applied  to  both  classes  of 
machines,  particularly  at  light  load.  Other  factors  undoubtedly 
must  be  used  for  other  classes  of  machinery. 

To  conclude: 

1.  Efficiency  will  be  most  accurately  determined  from  the 
separate  measurement  of  losses,  including  the  extra  load  losses. 

2.  The  extra  load  losses  may  be  determined  in  the  case  of  all 
machines  by  direct  test  when  two  duplicate  machines  are  avail- 
able and  the  importance  of  the  matter  warrants  the  testing 
expense. 

3.  They  may  be  determined  approximately  in  synchronous 
machines  by  established  correcting  factors  and  by  the  measure- 
ments at  short  circuit.  I  agree  with  Mr.  Foster  that  we  should 
not  abandon  the  measurement  at  short  circuit,  because  whether 
that  does  or  does  not  represent  full -load  conditions,  it  is  certainly 
a  very  good  indication,  and  will  detect  faulty  machines, 
particularly  when  the  extra  load  loss  is  an  eddy  loss  in  the  copper, 
which  is  a  factor  not  always  foreseen. 

4.  They  may  be  determined  approximately  in  commutating 
machines  by  established  correcting  factors.  Correcting  factors 
will  vary  with  the  ratio  of  no-load  and  full -load  maximum  induc- 
tions, which  may  be  approximately  calculated.  That  difference 
in  the  ratio  is  well  brought  out  by  the  different  conditions  exist- 
ing in  constant-speed  machines  and  variable-speed  machines,  and 
the  reason  for  the  difference  in  the  correcting  factors  which  Mr. 
Erben  mentioned  this  afternoon. 

5.  The  determination  of  additional  load  losses  may  be  made 
only  within  relatively  wide  limits  without  causing  a  variation  in 
efficiency  greater  than  the  minimum  variation  obtained  with  an 
accurate  input-output  test. 

E.  F.  Collins:  To  those  who  have  not  had  long  and  close 
contact  with  electrical  testing,  it  may  seem  that  input-output 
methods  are  best  to  adhere  to,  and  that  all  this  discussion  con- 
cerning the  stray  load  losses,  brush  friction,  contact  loss  of 
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brushes,  etc.,  should  cease.  On  the  other  hand,  one  who  has 
conducted  many  input-output  tests  knows  that  only  by  the 
most  careful  arrangement  can  correct  efficiencies  be  secured 
through  the  use  of  this  method.  This  includes  the  best  of  power 
conditions,  as  regards  its  freedom  from  fluctuations,  and  skilled 
men  as  observers.  Sometimes  as  many  as  20  observers  are 
required  to  obtain  simultaneous  observations  in  a  single  eflS- 
ciency  test.  In  order  to  secure  the  same  accuracy  in  efficiency 
determinations  very  much  less  error  in  observations  is  allowable 
than  where  losses  alone  are  being  observed  directly.  Many 
sets  of  observations  must  be  taken,  so  that  the  probable  error 
will  be  reasonable.  The  computation  of  these  observations 
requires  the  very  greatest  attention  and  diligence  on  the  part 
of  the  calculator  on  account  of  their  multiplicity.  Many  meters 
of  precision  must  be  used.  Heavy  currents  usually  associate 
themselves  with  the  method,  especially  in  the  larger  units,  and 
much  care  and  judgment  must  be  exercised  to  pn^tect  against 
unknown  influence  of  stray  fields.  Thus  one  could  continue  to 
enumerate,  almost  indefinitely,  precautions  which  accompany  a 
successful  determination  of  efficiency  by  input-output  methods. 
Many  such  sources  of  error  do  not  exist  in  using  no-load  methpds, 
and  where  they  do  exist  they  do  not  influence  final  results  to 
the  same  extent. 

Mr.  Robinson  has  shown  well  by  tables  and  curves  what  may 
be  done  in  determining  efficiency  by  input-output  methods.  He 
has  indicated  somewhat  the  price  paid  for  his  results,  and  this 
price  may  be  now  and  then  justified.  In  general  testing,  however, 
I  think  there  is  little  justification  for  the  input-output  method. 

It  has  been  said  this  afternoon  that  if  we  are  to  get  at  the  true 
efficiency  by  segregated  losses,  we  should  include  all  losses. 
I  agree  that  we  ought  to  have  approved  methods  of  test  which  will 
allow  of  a  determination  of  all  losses,  as  well  as  a  segregation  of 
of  such  losses  when  required.  I  believe  that  certain  methods 
exist  and  have  been  employed  that  do  detennine  such  losses, 
at  least  for  certain  classes  of  apparatus,  such  as  direct-current 
rotating  apparatus  and  altemating-current  synchronous  appara- 
tus. 

At  the  present  time,  standard  methods  exist  for  determining 
core  loss  with  brushes  at  electrical  neutral.  Measurement  can 
readily  be  made  of  bearing  friction  and  windage,  also  brush 
friction,  at  no-load.  The  PR  loss  of  the  annature  and  fields  may 
be  readily  and  accurately  figured  for  any  load.  The  contact  and 
brush  resistance  mav  be  calculated  from  the  contact  loss  curves, 
or  it  may  be  measured  directly  under  oi)erating  conditions,  as  I 
will  indicate  later.  Having  detennined  these  losses  by  no-load 
methods,  the  question  naturally  arises  whether  or  not  all  the 
load  losses  are  accounted  for. 

A  method  which  may  be  relied  upon  to  answer  this  question 
for  alternating-current  synchronous  apparatus  is  the  "  circula- 
ting energy"  method  described  by  Messrs.  Foster  and  Knowlton. 


630  DETERMINATION  OP  LOSSES  (Feb.  27 

The  objection  to  this  method  is  that  it  involves  two  duplicate 
machines.  As  to  its  accuracy,  however,  in  accounting  for  all 
losses,  there  is  no  doubt.  It  is,  of  course,  desirable  to  have  a 
method  which  may  be  applied  with  the  same  accuracy  to  single 
machines.  Hence,  the  turning  to  a  consideration  of  the  short- 
circuit  core  loss  as  compared  to  the  stray  load  loss  measured  by 
the  circulating  method. 

I  want  to  refer  to  the  diagram  given  in  Mr.  Robinson's  dis- 
cussion, to  illustrate  that  an  equally  efficient  method  has  been 
employed  for  direct  detennination  of  stray  load  losses  in  direct- 
current  machines.  Incidental  to  this  method  of  determining 
stray  losses,  and  in  view  of  the  discussion  this  afternoon  of 
brush  losses,  I  want  to  point  out  to  you  that  in  this  method 
we  have  actually  measured  the  brush  contact  PR  loss  under 
operating  conditions,  through  the  use  of  insulated  brushes,  as 
shown.  It  may  be  of  interest  to  say  that  a  number  of  such  deter- 
minations have  been  made  in  this  way  and  they  agree  closely  with 
standard  curves  of  contact  resistance  loss  that  have  been  derived 
from  tests  upon  a  dead  commutator. 

I  want  to  call  attention  also  to  the  fact  that  if  a  change  in 
brush  friction  occiu^  imder  load,  this  method  takes  account  of  it. 
From  such  tests  I  have  had  indications  of  change  of  brush  fric- 
tion with  current.  Some  of  those  discussing  the  subject  this 
afternoon  held  the  opinion  that  this  friction  decreased  with 
current,  others  that  it  increased.  I  am  sure  from  the  tests  I 
have  made  that  both  are  in  a  measure  correct.  In  some  cases 
I  have  observed  an  increase  with  current,  in  others  an  indication 
of  a  decrease  with  current. 

It  will  no  doubt  require  much  investigation  before  practical 
methods  may  be  devised  that  will  permit  of  ready  use  for  deter- 
mining stray  load  losses  for  all  classes  of  apparatus.  In  the  mean- 
time, perhaps,  the  use  of  certain  empirical  constants  may  be 
necessary  in  determining  true  efficiency  by  segregated  loss 
method.  In  that  event,  however,  I  believe  that  some  such 
direct  method  of  measurement  of  these  stray  load  losses  should 
be  employed  as  a  basis  for  the  value  of  such  stray  load  losses,  and 
correcting  factors,  should  identify  them  with  the  designs  with 
which  they  correspond. 

B.  G.  Lamme :  I  wish  to  speak  on  the  subject  of  load  losses 
from  the  standpoint  of  a  designer,  and  not  as  a  member  of  the 
Standards  Committee.  Since  I  first  looked  over  the  Institute 
rules,  I  have  always  objected  to  the  methods  given  in  these 
rules  for  the  determination  of  load  losses,  and  also  the  method 
for  determining  efficiency,  as  it  was  an  approximation  that  did 
not  represent  the  facts  closely  enough  to  suit  me. 

Now,  in  comparing  any  of  the  methods  of  making  tests  for  the 
stray  losses,  we  should  not  take  good  machines  when  making 
such  comparisons,  because,  in  well-proportioned  machines,  the 
extra  losses  may  be  relatively  low.  We  should  pick  out  machines 
which  we  have  reason  to  think  have  abnormal  extra  losses,  and 
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in  that  way  we  may  find  so  large  an  extra  loss  that  errors  in  the 
determination  are  of  smaller  proportion. 

For  many  years  I  have  been  concerned  in  the  measurement 
of  load  losses,  and  have  frequently  taken  up  the  calculation  of 
them  just  to  determine  the  possibilities  for  the  application  of 
correcting  factors,  which  would  cover  fairly  accurately  the  extra 
losses.  Such  calculation  is  a  long  and  complicated  process  in 
many  cases,  but  when  carefully  carried  out,  I  obtained  some 
astonishingly  close  results  in  those  cases  where  I  had  reasonably 
accurate  data  to  compare  with,  but  I  will  say  that  the  accuracy 
of  these  results  was,  in  one  way,  very  discouraging;  for  in  some 
cases,  the  larger  items  in  these  calculated  extra  losses  were  such 
that  they  apparently  bore  no  relation  whatever  to  the  measur- 
able quantities;  that  is,  the  data  we  could  obtain  by  any  simple 
direct  measurement  had  no  relation  to  the  extra  losses,  and 
therefore  our  separate  measurement  of  losses  gave  no  direct 
quantitative  indication  of  the  value  of  these  extra  losses. 

In  a  very  well  proportioned  machine,  I  will  venture  to  say 
this — that  I  can  review  the  design  of  that  machine,  and  I  can 
then  estimate,  off-hand,  the  load  losses  as  closely  as  they  would  be 
given  by  any  of  the  methods  suggested  this  evening.  Still,  these 
methods  may  show  closer,  on  individual  items  of  extra  loss,  yet, 
in  my  rough  estimate,  I  would  allow  for  some  losses  not  touched 
on  at  all  by  any  of  the  methods  proposed  for  approximating  the 
extra  losses.  In  taking  any  of  these  methods  of  approximating 
the  losses,  you  may  get  results  which  look  very  good  from  the 
general  standpoint,  but  if  you  look  at  the  results  closely  from 
the  design  standpoint,  you  are  likely  to  see  something  in  them 
that  you  know  is  inconsistent  with  the  design — and  that  throws 
doubt  on  the  whole  result. 

Take  the  method  of  determining  losses  by  short  circuit. 
In  many  machines  there  are  extra  losses  due  to  saturation  of 
certain  parts  of  the  circuit,  and  these  do  not  appear  at  all  in  the 
short-circuit  test,  and  therefore,  in  such  cases,  it  is  purely  an 
accident  if  the  measured  short-circuit  loss  happens  to  coincide 
with  the  extra  losses  in  the  machine. 

It  looks  to  me  as  if  all  of  these  methods,  including  the  input- 
output,  under  commercial  conditions,  must  be  considered  as 
only  rough  approximations.  I  have  seen  a  good  deal  of  testing 
done  by  the  input-output  method,  and  I  have  never  been 
satisfied  with  the  results  unless  I  knew  beforehand  what  the 
extra  losses  ought  to  be.  I  have  seen  tests  repeated  four  or  five 
times  until  the  results  happened  to  give  a  value  that  everybody 
agreed  upon  as  being  reasonably  correct,  but  in  fact,  this  par- 
ticular result  may  not  have  been  any  closer  than  any  of  the  others. 
It  seems  to  be  largely  a  question  of  keeping  up  the  testing  until 
everybody  is  satisfied  or  tired  out.  That  is  how  much  confidence 
I  have  in  it. 

We  must  look  at  this  input-output  testing  from  two  different 
standpoints.  The  man  who  tests  the  machine  from  the  instrument 
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Standpoint  may  have  absolute  confidence  in  the  instruments 
and  in  the  men  who  make  the  tests  for  him.  but  the  result 
which  he  thinks  is  satisfactory  or  correct  may  appear  to  be 
decidedly  incorrect  to  the  man  who  designs  the  machines,  for 
he  may  know  that  the  stray  losses  indicated  arc  inconsistent 
with  his  design. 

It  is  jDOssible  that  some  correction  factor,  even  if  an  assumed 
one,  is  better  than  to  do  away  with  any  allowance  for  the  extra 
losses.  The  great  trouble  with  the  old  rule  of  segregated  losses 
was  that  the  engineering  public  knew  that  these  did  not  represent 
the  total  losses,  and  did  not  want  to  accept  the  resulting  effi- 
ciencies, because  there  was  something  left  out.  Now,  the  total 
extra  loss  usually  represents  only  a  small  value  compared  with 
the  measurable  losses,  and  even  if  omitted,  the  error  is  ordinarily 
rather  small,  although,  in  extreme  cases  or  under  very  special 
conditions,  it  may  become  quite  appreciable.  In  some  cases, 
this  omission  of  the  load  losses  has  been  made  up  by  the  direct 
assumption  of  a  certain  per  cent  reduction  in  the  efficiency, 
as,  for  instance,  one  per  cent.  Such  assumption  unquestionably 
averages  closer  to  the  true  result  than  omitting  the  stray  losses 
altogether.  But  it  seems  to  me  that  this  is  largely  a  commercial 
consideration,  and,  from  an  engineering  standpoint,  all  we  can 
do  is  to  state  what  the  measurable  losses  are,  and  then  possibly 
indicate  roughly  the  total  extra  losses,  but  not  make  them  the 
subject  of  any  guarantee,  as  we  should  not  guarantee  what  we 
cannot  measure. 

H.  F.  T.  Erben:  I  wish  to  say  a  few  words  in  relation  to  the 
possibility  of  obtaining  a  correction  factor  which  will  be  uni- 
versally applicable  to  machines  of  a  given  type. 

I  note  in  Messrs.  Olin  and  Henderson's  paper  that  they  recom- 
mend certain  correction  factors,  each  of  which  will  be  ai)pli cable 
to  all  machines  of  a  certain  class.  For  example,  they  have  a 
correction  factor  of  1 .3  for  direct-current  generators  and  motors; 
1 . 1  for  alternating-current  generators  and  synchronous  motors ; 
1.1  for  60-cycle  converters,  and  1.0  for  25-cycle  synchronous 
converters. 

Our  tests  have  shown  that  different  correction  factors  must 
be  applied  to  various  types  of  machines  comprising  a  general 
group,  and  these  factors  will  vary  very  considerably.  For 
example,  we  have  shown  that  the  correction  factor  for  a  fully 
compensated  generator  may  be  as  low  as  1.2,  for  a  commutating 
pole  generator  about  1 .3,  and  for  a  non-commutating  pole  gen- 
erator it  may  be  as  high  as  1.5.  Again,  the  correction  factor 
for  variablc-s])eed  motors  will  l)c  greater  than  for  a  constant-speed 
motor,  due  to  the  distortion  of  the  wave  form. 

There  will  also  be  a  different  correction  factor  for  commu- 
tating pole  and  non-commutating  pole  synchronous  con- 
verters and  another  correction  factor  for  converters  of  the 
synchronous  booster  commutating  pole  type.  It  is  there- 
fore   evident,    that  if  we    intend    to    apply    correction    fac- 
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tors  we  must  subdivide  any  j^ivcn  class  of  apparatus  into  its 
various  types  in  order  that  we  may  arrive  at  the  true  value  of 
the  efficiency.  Such  a  course  of  procedure  might  lead  to  such  a 
multiplicity  of  correction  factors  that  the  whole  scheme  would 
become  unworkable.  However,  I  am  not  saying  this  in  any  spirit 
of  discouragement,  as  I  believe  the  various  manufacturers  should 
continue  the  tests  which  have  been  so  ably  carried  out  during 
the  past  few  months,  and  it  might  be  advisable  later  on  for  the 
Institute  to  appoint  a  sub-committee  to  formulate  rules  based 
on  all  the  available  test  data. 

I  fully  believe  that,  in  those  cases  in  which  it  is  impossible  to 
obtain  accurate  input-output  tests,  the  efficiency  should  be 
determined  by  following  the  segregated  loss  method  in  combina- 
tion with  a  suitable  correction  factor. 

B.  A.  Behrend :  All  of  us  who  have  listened  to  the  thoughtful 
remarks  of  Mr.  Foster  ^ill,  I  think,  be  inclined  to  agree  with  him 
absolutely  in  his  statements  and  recommendations.  As  I 
understand  Mr.  Foster,  he  desires  to  represent  the  full  efficiency 
in  his  tests,  and  he  suggested  for  alternating-current  generators, 
of  course,  also  for  direct-current  generators,  the  input-output 
test,  which  was  first  suggested  in  1885,  by  the  late  Dr.  John 
Hopkinson.  The  cost  of  that  test  is,  however,  frequently  pro- 
hibitive. On  that  account  it  is  difficult  to  carry  it  out  in  the 
power  house  or  in  the  testing  department.  From  time  to  time, 
however,  two  generators  happen  to  be  on  the  same  shaft,  either 
alternating-current  generators,  or  direct-current  generators, 
and  then  such  tests  can  be  made  in  a  very  simple  and  accurate 
manner,  yielding  very  important  data. 

In  applying  these  data  to  other  cases,  by  using  the  experienced 
designer's  judgment,  we  can  obtain  fairly  good  ideas  of  the 
actual  efficiencies  of  machines,  which  can  be  used  to  form  a 
basis  for  guarantees,  even  though,  perhaps,  we  know  only  the 
individual  losses.  For  example,  if  we  have  to  guarantee  a  25,000- 
kw.  turbo-generator,  to  operate  at  1500  rev.  per  min.,  and  we 
have  the  data  on  a  10,000-kw.  unit,  it  would  not  be  difficult  for 
a  man  of  Mr.  Lamme's  experience  to  make  his  estimates  in  such 
a  manner  that  he  would  secure  fairly  accurate  results. 

The  advantage  of  the  use  of  the  short-circuit  loss  curve,  I 
think,  is  not  to  be  underestimated.  The  use  of  one-third  of  the 
total  loss  is  arbitrary  and  absurd,  as  Mr.  Lamme  justly  pointed 
out.  Whether  or  not  we  shall  take  the  entire  short-circuit  loss 
or  whether  we  shall  deduct  from  it  the  core  loss,  corresponding 
to  the  open-circuit  voltage,  which  corresponds  to  the  short-cir- 
cuit current,  is  a  matter  of  judgment. 

Mr.  Erben's  extremely  interesting  results  have  shown  that  in 
order  to  coordinate  the  data  on  different  types  of  machines  it 
will  be  necessary  to  use  correction  factors,  *'  thousands  of  them," 
and  we  should  be  worse  off  at  the  end  than  we  were  at  the  begin- 
ning. 

If  we  should  deduct  the  iron  losses  from  the  short-circuit  core 
losses,  we  would  certainly  get  a  more  nearly  accwT^Ve  vcv^^'Smt^ 
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of  the  short-circuit  losses  than  we  should  have  if  we  included 
the  obvious  iron  loss  in  the  amount  that  we  use  for  the  correction. 
The  philosophy,  I  believe,  of  this  whole  thing,  comes  right  down 
to  tWs — that  the  further  our  experience  carries  us,  the  more  we 
doubt.  Those  of  us  who  have  been  through  the  building  of  large 
machines  up  to  25,000  kw.,  at  very  high  speeds,  appreciate  the 
fact  that  we  continually  learn.  As  Darwin  said  in  the  preface 
to  his  great  work,  '*  The  Descent  of  Man,  "  "  It  is  more  frequently 
ignorance  that  begets  confidence  than  does  knowledge."  It 
will  serve  no  good  purpose  to  collect  a  number  of  utterly  worth- 
less correction  factors.  It  is  senseless  to  do  it.  You  had  better 
take  the  data  Mr.  Schuler  mentioned  today,  calculate  conven- 
tional efficiencies,  and  thus  simplify  your  work.  Conditions  are 
constantly  changing.  You  all  remember  that  ten  years  ago  the 
former  Grand  Central  Station  was  completed.  To-day  that 
station  has  disappeared,  and  a  new  one,  which  has  taken  its 
place,  has  just  been  opened.  Ten  years  ago  the  large  5000-kw. 
generators  which  Mr.  Lamme  designed  for  the  Manhattan 
Railway  in  New  York  City  were  the  leading  machines  of  their 
class.  To-day  they  are  thinking  of  replacing  them  with  turbo- 
generators. In  ten  years  we  have  gone  from  75  rev.  at  5000  kw. 
to  1500  rev.  at  25,000  kw. 

I  want  to  point  out  again  that  you  are  standardizing  the  past. 
Probably  five  years  hence  the  facts  will  have  ruthlessly  wiped 
away  the  whole  cobweb  of  rules  we  are  laying  down  here.  Your 
rules  must  be  flexible,  so  that  they  can  be  applied  to  changing 
conditions.  I  plead  for  this  because  I  feel  very  keenly  the  ham- 
pering influence  of  the  old  rules.  It  is  a  matter  well  worthy  of 
serious  consideration,  especially  by  designing  engineers.  I 
know  Mr.  Lamme  is  in  full  accord  with  me.  I  do  not  like  to 
say  that  for  him,  because  he  can  say  it  for  himself.  I  am  sure  I 
am  in  full  accord  with  his  ideas  on  the  subject.  It  is  extremely 
dangerous  to  go  too  far.  The  problem  before  us  consists  in  lay- 
ing down  a  few  general  rules  which  will  not  handicap  and  hamper 
the  designing  or  consulting  engineers.  Make  the  rules  general, 
and  prescribe  methods  of  test.  For  example,  say  whether  the 
commutator  should  be  seasoned  at  the  factory  or  outside.  If 
you  do  not  want  to  say  it  should  be  seasoned  at  the  factory, 
say  it  should  be  seasoned  outside  of  the  factory;  if  you  do  not 
want  to  say  it  should  be  seasoned  outside  of  the  factory,  make 
such  provision  as  you  think  is  proper,  but  it  is  most  important 
to  do  this,  and  to  say  what  you  want. 

W.  J.  Foster:  I  want  to  say  another  word  on  the  matter  of 
the  short-circuited  core  loss.  I  should  hate  very  much  to  see 
correction  factors  adopted,  one-quarter  per  cent,  one-half  per 
cent,  or  any  per  cent,  that  would  punish  good  machines  to  the 
advantage  of  inferior  machines.  I  should  prefer  to  see  the  entire 
short-circuited  core  loss  taken,  in  order  that  we  might  proceed 
at  once  to  reduce  these  losses.  It  can  be  done  in  nearly  every 
case  by  better  design,  and  that  is  what  we  all  want. 
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The  use  of  \  the  short-circuit  loss  probably  does  not  approxi- 
mate the  correct  quantity  that  should  be  added.  I  think  we 
should  take  the  whole  loss,  and  possibly  a  little  more,  rather  than 
a  little  less.  Mr.  Behrend  will  excuse  me  for  pointing  out  that, 
unfortunately,  the  other  scheme  to  which  he  referred  would 
restdt  in  boosting  the  eflSciency  of  two-thirds  of  the  commercial 
machines  at  the  present  time,  for  the  reason  that  the  excitation 
that  is  required  to  put  the  short-circuit  current  through,  gives  an 
open  circuit,  a  higher  core  loss  than  the  entire  short-circuited 
loss  on  most  machines,  and,  therefore,  when  you  subtract  it,  you 
get  a  negative  value,  and  if  you  add  that  negative  value  to  the 
other  losses,  you  will  have  your  eflSciency  raised  rather  than 
reduced. 

B.  A.  Behrend:  I  meant  to  correct  the  exciting  ctirrent  for 
the  armature  reaction.    I  did  not  want  to  go  into  that  detail. 

W.  J.  Foster:    Just  the  reactive  drop? 

B.  A.  Behrend:  Simply  take  the  reactive  drop.  I  took  it 
for  granted  that  shotdd  be  taken  into  consideration. 

W.  J.  Foster:  In  line  with  Mr.  Lamme's  suggestion  of 
correcting  the  core  loss,  or  the  combined  loss  and  PR,  I  have 
never  succeeded  in  getting  anything  that  was  reasonable  or  that 
fitted  the  case;  I  trust  that  some  positive  evidence  will  be 
brought  forward  that  the  entire  short-circuited  core  loss  is  the 
wrong  thing  to  take.  We  will  probably  have  to  wait  until  some 
one  has  a  pair  of  identical  machines  to  test  by  the  "  circulating 
energy  "  method,  which  we  appear  to  agree  on,  and  on  those 
same  machines  have  the  short-circuited  test  applied,  and  find 
the  case  where  the  correction  as  determined  by  the  short- 
circuited  loss  is  going  to  appear  absurd  when  compared  with  the 
actual  stray  load  loss,  and  then  we  will  have  some  cUrect  evidence. 

As  stated  before,  I  regret  that  the  particular  machines  that 
were  available  for  use  in  Foster  and,  Knowlton's  tests  all  proved 
to  have  small  short-circuited  losses,  as  polyphase  machines, 
but  does  it  not  seem  significant  that  one  of  these  has  very  large 
short-circuit  losses  as  a  single-phase  machine,  and  that  these 
losses  agree  very  closely  \^4th  the  load  losses  as  determined? 
There  have  been  a  number  of  cases  in  the  past  with  which  I 
have  had  to  do,  of  single-phase  machines,  where  changes  were 
made  after  the  first  tests,  in  order  to  reduce  temperatures,  in 
connection  with  which  the  short-circuit  losses  were  reduced. 

Therefore,  I  consider  that  the  evidence  presented  by  the  curves. 
Figs.  9,  10  and  11,  of  the  paper  by  Foster  and  Kriowlton,  should 
be  taken  up  and  carefully  considered  by  the  Standards  Com- 
mittee, and  something  in  the  way  of  positive  evidence  to  con- 
demn them  should  be  obtained  before  they  are  rejected  entirely. 

James  Burke :  The  papers  under  discussion  and  the  corrective 
factors  introduced  should  not,  perhaps,  apply  only  to  the 
machines,  but  also  to  the  instruments  and  to  the  men,  and  I 
think  that  these  tests  show  that  instnmient  designing  is  in  the 
same  high  class  as  dynamo  and  motor  designing,  they  show  such 
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close  agreement  with  what  might  be  expected  from  dynamo  and 
motor  tests. 

It  seems  to  me  that  the  function  of  the  Standards  Committee  is 
to  standardize  and  not  to  average.  The  suggestions  throughout 
these  papers  for  corrective  factors  is  to  average  these  factors, 
and  that  eliminates  the  individuality  of  the  designing.  Now,  it  is 
quite  possible,  and  I  think  most  designers  will  agree  on  this 
point,  to  have  negative  corrective  factors.  For  example,  if  we 
take  a  direct-current  generator  and  shape  the  pole  pieces  with 
varying  air  gap  so  that  the  distribution  of  flux  is  approximately  a 
sine  wave  under  load,  which  would  be  quite  different  free,  then  our 
load  core  losses  are  less  than  our  free  core  losses.  That  is  not  only 
a  theory,  but  I  have  proved  that  by  tests.  I  know  that  some 
European  machines  have  been  built  that  way,  in  which  the 
air  gap  is  so  proportioned  that  the  influence  of  the  armature 
reaction  is  such  as  to  produce  very  nearly  a  sine  wave  under 
load.  Now,  if  a  designer  introduces  such  a  feature  as  that,  that 
is  a  negative  corrective  factor,  he  gets  no  credit  for  it,  and  his 
individuality  is  removed  as  soon  as  the  Standards  Committee 
averages  these  factors.  The  question  of  compensated  machines, 
the  difference  between  the  60  per  cent  compensated  machine, 
which  Mr.  Erben  has  referred  to,  and  the  100  per  cent  com- 
pensated machine,  would  have  to  be  taken  into  consideration 
by  the  Standards  Committee,  or  the  punishment  due  to  the 
average  law  would  apply.  In  the  compensated  machine  we  may 
have  large  corrective  factors,  depending  on  the  distribution  of 
the  compensating  conductors.  If  you  have  two  or  three  compen- 
sating conductors  ])er  pole,  you  probably  will  have  quite  a  dif- 
ferent increase  in  loss  under  load  than  when  you  have  a  larger 
number. 

To  do  any  good,  to  get  any  reasonable  consideration  for  cor- 
rective factors,  the  Standards  Committee  would  have  to  tabulate 
on  the  alternating-current  end  of  motor-generators  a  great  many 
construction  details,  whether  the  slots  arc  closed,  or  open,  or 
partly  closed,  the  depth  of  conductors,  many  factors  of  that 
kind,  to  determine  the  corrective  factors  for  the  alternating- 
current  end.  and  similar  treatment  on  the  direct-current  end. 
Then  you  would  have  to  introduce  factors  covering  the  way  that 
the  brush  losses  were  determined — I  think  we  have  heard  this 
afternoon  that  there  are  a  good  many  different  theories  on  bnish 
losses  and  different  opinions  as  to  the  amount  of  brush  losses. 
Now  when  it  is  all  finished,  all  that  we  have  acc<)m])lished  is  the 
recognition  that  there  may  be,  and  it  is  to  be  ex]^ected  that  there 
will  be,  some  corrective  factors  on  account  of  loads,  but  I  do 
not  think  we  have  any  idea  as  to  how  much  they  should  be. 
Personally,  I  have  conducted  a  number  of  tests  in  which  I  have 
found  so  little  corrective  factor  that  I  could  not  say  I  had  found 
any.  and  in  everv  cast*  there  has  been  a  hiri^a*  difference.  I  am 
making  a  plea  lo  avoid  the  avi-raging  of  these  corrective  factors 
and  to  leave  some  room  for  indiviiliial  rffort  in  telling  the  story 
of  the  indivi(hialit  V  of  different   tvnes  of  machines. 
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Charles  P.  Steinmetz:  I  can  see  a  hard  time  ahead  for  Mr. 
Lamme  and  myself  as  members  of  the  Sub- Committee  on  Revis- 
ion when  we  attempt  to  designate  the  exact  methods  of  deter- 
mining the  stray  load  losses  so  as  to  give  the  operating  engineer 
the  exact  and  true  eflSciency  which  he  wishes  to  have,  and  which 
the  input-output  method,  as  I  understand,  is  incapable  of  sup- 
plying, and  which  you  cannot  get  by  considering  the  short-cir- 
cuited core  loss,  or  open-circuited  core  loss,  or  any  other  thing, 
except  by  using  correction  factors,  and  as  many  different  cor- 
rection factors  as  you  build  machines.  Our  only  hope  is  that  we 
shall  be  assisted  by  the  engineers  who  are  now  interested  in  the 
stray  losses,  by  constructive  criticism;  that  is,  when  we  have 
drafted  a  tentative  nde  we  shall  submit  it  to  them,  and  in  case 
of  their  disagreeing  with  us  in  our  first  attempt,  we  hope  they 
will  send  us  material  for  the  formulation  of  a  better  rule. 

In  regard  to  the  short-circuit  core  loss,  as  shown  in  the  diagram 
which  Mr.  Behrend  discussed,  I  wish  to  say  that  J  of  the  short- 
circuit  core  loss  was  not  a  mere  incident,  and  while  at  present 
the  data  seem  to  show  that  the  total  short-circuit  loss  is  more 
correct,  we  must  realize  that  when  the  rule  was  made  we  had 
different  machines  to  deal  with.  The  single-phase  low-speed 
alternator  was  a  very  common  machine  then,  also  other  types 
of  machines  which  we  rarely  see  now,  such  as  the  inductor  alter- 
nator, where  the  field  exciting  winding  was  far  away  from  the 
armatu/e,  separated  by  solid  magnetic  material.  In  these 
machines  the  pulsation  of  single-phase  armature  reaction  reached 
back  throughout  the  entire  field  when  you  ran  at  the  low  den- 
sities corresponding  to  the  short-circuited  core  loss;  while 
at  the  rated  voltage,  especially  in  a  highly  saturated  machine 
such  as  the  inductor  alternator,  the  imlsation  due  to  the  single- 
phase  armature  reaction  is  very  much  less,  and  we  knew,  if  we 
used  the  full  short-circuit  core  loss,  there  could  not  be  a  loss  of 
any  such  magnitude  because  the  machine  would  have  burnt 
out  in  less  than  no  time,  and  therefore,  especially  since  people 
were  ra.<;her  horrified  when  we  made  the  first  test  of  that  char- 
acter, and  found  these  apparently  en(;nnous  losses,  we  had  to 
play  safe  and  UvSc  a  value  which  we  knew  was  less  than  the 
probable  true  value.  However,  we  were  [)roceeding  in  the  right 
direction  to  the  extent  that  instead  of  neglecting  the  short- 
circuit  loss  altogether,  we  at  least  took  in  a  part  of  it. 

Now,  the  short-circuit  loss  undoubtedly  gives  some  indication. 
The  rcvsidual  loss  after  deducting  the  arnuiture  PR  loss  and  the 
iron  loss  corresponding  to  the  approximate  magnetic  density 
under  short-circuit  tests,  afTords  an  excellent  criterion  as  to  the 
extent  of  the  stray  losses  at  full  load.  Even  if  in  some  cases  it 
leads  to  ascribing  to  the  machine  an  efficiency  lower  than  is 
actually  obtained,  nevertheless  the  general  adoption  of  the  plan 
of  taking  this  residual  short-circuit  loss  as  a  measure  of  the  stray 
loss  at  full  load,  would  provide  designers  with  a  criterion  which 
would  lead  to  di^signs  of  improved  quality. 
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E.  M,  Olin:  Although  Mr.  Robinson,  in  drawing  his  con- 
clusions, in  his  paper,  states  that  the  input-output  method  of 
measuring  eflRciency  is  *'  one  that  can  be  considered  only  in 
connection  with  special  investigations  **  and  *'  as  a  check  method 
for  demonstrating  the  reliability  of  other  methods  better  suited 
to  commercial  needs,"  it  is  a  fact,  I  think,  that  a  reading  of  this 
paper  would  lead  the  average  engineer,  inexperienced  in  this 
class  of  work,  to  believe  that  this  method  is  perfectly  simple 
and  thoroughly  reliable  for  measxiring  the  eflSciency  of  rotating 
electric  machines.  Such  a  conclusion  is  so  at  variance  with  the 
experiences  of  the  writer  and  a  number  of  engineers  with  whom 
he  has  been  associated,  extending  over  a  number  of  years,  that 
it  seems  advisable  to  point  out  a  few  contributing  factors  not 
taken  into  account  by  Mr.  Robinson. 

In  propounding  the  mathematical  theory  which  deals  with 
*'  indeterminate  errors  *'  and  the  average  deviation  of  the  mean 
reading  from  the  true  value,  for  the  purpose  of  illustration, 
use  is  often  made  of  an  example  like  the  following:  A  skilled 
marksman  fires  a  thousand  shots  at  a  target  under  conditions 
as  nearly  alike  as  possible.  Experience  shows  that  the  shots 
will  be  distributed  in  a  manner  which  at  first  sight  seems  entirely 
irregular,  but  which,  on  more  careful  examination,  will  be  found 
to  be  approximately  in  conformity  with  a  perfectly  definite  law, 
the  law  of  chance.  The  plus  and  minus  deviations  of  the  shots 
from  lines  drawn  at  right  angles  through  the  center  of  the  target 
are  about  equally  frequent,  and  small  deviations  occur  with 
much  greater  frequency  than  large  ones. 

It  can  be  shown  mathematically  that  there  is  a  certain  definite 
curve,  representing  the  law  of  chance,  whose  equation  can  be 
expressed  in  symbols,  and  that  the  average  deviation  of  the  mean 
is  as  shown  by  Mr.  Robinson. 

Now,  in  this  example  of  the  marksman  firing  at  a  target 
which  I  have  just  cited,  it  should  be  borne  in  mind  that  the 
target  is  fixed,  not  swinging. 

In  input-output  tests  the  mark  at  which  wc  are  firiw^  is  the 
true  value  of  efficiency.  However,  the  true  value  of  efficiency 
is  the  ratio  of  the  output. as  detcmiined  from  measuring  instru- 
ments in  the  output  side  to  the  input  as  determined  from  certain 
other  measuring  instruments  in  the  input  side.  In  other  words, 
during  our  observations  we  have  two  targets  and  two  marksmen 
or  sets  of  marksmen. 

Now  if  the  output  is  constant  for  all  readings,  the  target 
remains  fixed,  and  it  would  be  correct  to  figure  the  input  and 
output  separately  according  to  Mr.  Robinson's  method  but  not 
the  efficiency  direct  from  each  observation  or  set  of  observations. 

In  the  tests  described,  however,  the  output  is  not  constant. 
In  Tabic  II,  the  output  ranges  from  470  kw.  to  512  kw.,  a  varia- 
tion of  some  40  kw.  The  target  at  which  the  marksmen  are 
firing,  then,   instead  of  being  fixed,  is  swinging. 

Now  the  instruments  used  in  the  incoming  circuits  of  motor- 
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generators,  such  as  are  covered  by  Mr.  Robinson  in  these  data,  do 
not  swing  synchronously  with  those  in  the  outgoing  circuits, 
due  to  the  different  types  of  damping  used  in  the  various  in- 
struments, the  introdiiction  of  series  transformers,  etc.  This 
introduces  another  com])Heatif)n  in  figuring  tests  such  as  de- 
scribed in  this  ])aper.  The  target  which  should  be  fixed  is  not 
only  swinging,  but  swinging  along  an  irregidar  curve  with  a 
varying  time  constant.  Obviously,  the  j)roblem  is  not  quite 
so  simple  as  one  might  be  led  to  believe  from  glancing  over 
this  paper.  It  is  undoubtedly  true,  as  stated  by  Mr.  Robinson, 
that  certain  of  the  no-load  losses  may  change  during  the  progress 
of  the  input-output  tests.  These  should  be  measured  carefully 
by  the  separate  loss  method  and  due  allowance  made,  when  com- 
puting efficiency,  for  such  changes,  and  average  values  should 
be  used  for  such  factors  as  frictional  losses  in  brushes  and  bearings 
and  brush  contact  losses. 

L.  T.  Robinson:  I  am  willing  to  admit  the  extreme  difficulty 
of  satisfactory  input-output  testing,  but  not  its  impossibility. 
Mr.  Newbury  said  that  the  test  results  obtained  were  not  right 
because  they  departed  from  well-known  laws.  We  have  been 
all  day  yesterday  and  today  discussing  these  well-known  laws 
and  there  appears  to  be  no  definite  understanding  of  them  on 
which  definite  criticism  of  the  results  obtained  could  be  based. 

With  regard  to  the  shooting  at  the  swinging  target,  I  cannot 
see  that  this  has  any  bearing,  so  long  as  the  individual  observa- 
tions of  the  output  are  not  far  enough  apart,  so  that  the  efficiency 
line  that  joins  them  does. not  depart  substantially  from  a  straight 
line.  I  do  not  recommend  these  methods  for  practical  tests.  I 
think  that  an  impartial  examination  of  the  evidence  presented  will 
indicate  that  the  results  are  correct  within  the  limits  stated. 
If  you  cannot  look  at  it  that  with  the  in])ut-output  test  we  prove 
that  the  circulating  loss  tests  are  right,  perhaps  you  will  look 
at  it  the  other  way,  and  say  that  the  circulating  loss  tests  prove 
the  input-output  tests  are  right,  because  we  got  the  same  an- 
swer by  both  methods.  After  a  full  appreciation  of  the  varia- 
bility of  the  brush  friction,  etc.,  came  to  my  notice,  we  made 
some  more  tests,  and  every  point  comes  within  the  degree  of 
precision  claimed,  and  beyond  which  I  did  not  care  to  go. 

As  to  the  No.  3  test  in  the  paper,  I  think  I  made  it  quite 
clear  that  that  was  not  very  good,  and  I  think  the  reasons 
given  were  quite  sufficient.  In  a  machine  in  which  the  brush 
friction  is  about  one  to  1.5  per  cent  of  the  total  output,  and  with 
the  statements  this  afternoon,  by  presumably  competent  ob- 
servers, that  brush  friction  varies  300  per  cent,  why  is  it  any 
fault  of  the  method  or  the  test  if  the  points  do  not  fall  all  within 
the  belt?  I  submit  that  the  evidence  is  sufficient  to  establish 
all  the  claims  made. 

-  C.  J.  Fechheimer:  In  the  paper  by  Messrs.  Foster  and 
Knowlton,  on  the  last  page  they  state  "  The  phase  characteristic 
method  is  faulty,  due  to  the  difficulty  of  obtaining  accurate 
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wattmeter  readings  at  the  low  ])ower  factors."  If  we  have  a 
three-phase  circuit  and  use  single-phase  wattmeters  and  the  power 
factor  is  less  than  20  ])er  cent,  both  wattmeters  will  indicate 
high  values,  although  one  wattmeter  will  read  negative.  The 
true  ])ower  is  the  difference  l)etween  the  two  wattmeter 
readings.  Both  wattmeters  read  with  considerable  acccuracy 
and  the  only  inherent  errors  which  are  introduced  are  those  due 
to  observation,  and  the  diflRculty  in  obtaining  with  accuracy  the 
difference  between  two  nearly  equal  quantities.  However,  the 
error  that  we  usually  think  of  in  connection  with  single-phase 
wattmeters  when  connected  to  low  power  factor  circuits  does 
not  apply  to  the  three-phase  case  with  the  standard  two  single- 
phase  wattmeter  method,  because  a  single-phase  wattmeter 
reads  inaccurately  when  the  current  and  electromotive  force 
are  nearly  in  quadrature,  and  this  condition  obtains  when  the 
power  factor  of  the  three-phase  circuit  is  not  far  from  50  per 
cent. 

It  is  otu"  opinion  that  the  phase  characteristic  method  is  the 
most  accurate  one  for  measuring  the  losses  within  the  machine, 
with  possibly  the  exception  of  the  circulating  energy  method. 
This  latter,  however,  can  be  used  so  seldom  that  we  must  resort 
tosomeother  means,  and  usually  the  phase  characteristic  meth- 
od can  more  frequently  be  employed,  with  the  equipments  in  most 
test  departments  in  manufacturing  companies. 

In  regard  to  the  modified  segregated  loss  method,  we  believe 
that  all  of  the  short-circuit  losses  should  be  included  instead  of 
one-third  of  the  short-circuit  losses,  and  that  the  core  loss  should 
be  taken  at  the  internal  voltage  as  given  by  the  terminal  voltage 
plus  the  impedance  drop  taken  in  the  proper  phase  relations. 
The  reactance  of  the  armature  winding  may  be  measured  with 
the  rotor  removed,  the  current  being  circulated  at  normal  fre- 
quency in  only  one  of  the  phases.  The  reactance  thus  de- 
termined may  then  be  used  for  computing  the  internal  voltage. 

B.  A.  Behrend:  In  the  i:)a{)ers  that  are  before  us  the  difficulty 
of  measuring  the  power  in  watts  or  kilowatts  has  never  been  dis- 
cussed. This  is  rather  surprising.  Mr.  Robinson  will  appreciate 
the  immense  difficulty  of  obtaining  correct  wattmeter  readings. 
I  remember  in  the  early  days  it  used  to  be  one  of  the  most  diffi- 
cult problems,  and  the  new  instruments  have  by  no  means 
solved  it.  Even  the  best  instruments  for  the  purpose  are  in- 
fluenced by  the  proximity  of  large  currents  circulating  in  cables 
and  by  magnetic  fields  which  exist  almost  everywhere  in  the 
shops.  Let  us  take  a  simple  case,  and  endeavor  to  determine  the 
power  factor  of  an  induction  motor  at  different  loads.  I  have 
had  experience  in  that  direction,  and  I  have  had  working  with 
me  some  of  the  learned  professors  of  our  great  universities,  and 
have  found  it  necessary  to  correct  power  factors  of  101  and  102 
per  cent,  to  harmonize  them  with  reasonable  facts.  It  is  so 
important  a  matter  that  I  believe  it  should  not  be  omitted 
in  our  consideration  of  this  complex  subject. 
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I  want  to  say  that  in  a  number  of  cases  of  high-tension  cir- 
cuits, I  have  found  that  the  power  factor  of  an  induction  motor 
was  extremely  low,  due  to  the  peculiar  condenser  effects  in  the 
shunt  windings  of  the  wattmeters.  It  is  an  effect  which  it  is 
very  hard  to  eliminate  and  very  hard  to  correct.  At  low 
power  factors  this  effect  is  tremendous.  Of  course,  it  can 
be  corrected  in  the  well-known  academic  way,  if  we  care  to 
pile  assumption  on  assumption.  This  is  a  matter  of  im- 
portance. Mr.  Robinson  might  give  us  his  views  of  the  ac- 
curacy of  wattmeters  and  their  use  in  alternating-current  circuits 
in  power  houses  and  on  the  testing  floor.  I  have  personally  no 
faith  in  them,  and  I  am  just  as  willing  to  take  the  no-load 
current  of  the  induction  motor  and  use  the  simple  circle 
diagram  developed  by  me  in  1896,  when  stimulated  by  the 
difficulty  of  harmonizing  the  results  of  wattmeter  measurements 
with  the  likely  facts,  in  order  to  get  an  idea  of  the  power  factor. 

L.  T.  Robinson:  You  may  be  interested  in  my  views  on  what 
accuracy  we  can  obtain  with  wattmeters  in  commercial  testing. 
First  we  will  take  the  wattmeter  as  it  is,  and  then  we  will  see 
how  much  influence  the  testing  floor  has  on  it.  Wc  can  build 
wattmeters,  and  they  are  constructed  and  obtainable  com- 
mercially, that  will  measure,  with  power  factors  down  to  10  per 
cent,  within  about  2  per  cent  of  the  correct  value.  That  2 
per  cent  is  largely  correctable.  This  refers,  of  course,  to  single- 
phase  operation.  But  you  can,  I  think,  get  the  best  results 
when  you  want  a  really  close  measurement  on  three-phase 
circtdts  at  low  power  factor,  by  using  three  instruments,  so  that 
you  do  not  have  the  trouble  that  you  have  in  subtracting  one 
reading  from  another,  which,  of  course,  when  they  are  pretty 
near  alike,  is  bound  to  introduce  large  errors.  You  can  choose 
instruments  that  will  go  over  the  scale,  perhaps  with  one-third 
of  the  product  of  the  rated  volts  and  amperes  of  the  circuits, 
and  use  three,  and  get  very  good  results.  When  you  introduce 
larger  quantities  for  volts  and  amperes  you  must,  of  necessity, 
employ  instrument  transformers.  Now,  the  phase  angle  be- 
tween the  secondary  current  and  the  primary  current  in  the 
current  transformers  is  determined  within,  perhaps,  three  to 
five  minutes  of  the  equivalent  angle,  which  again  brings  you 
substantially  within  the  limits  spoken  of  for  the  wattmeter 
alone.  The  total  magnitude  of  that  phase  difference  can  be 
kept  small  enough  so  that  correction  is  reliable. 

With  regard  to  the  potential  transformer,  it  is  possible,  prac- 
tically, in  ordinary  work,  to  eliminate  them  altogether,  because 
the  usual  transformer  is  so  constructed  that,  with  non-inductive 
load,  at  certain  loads  the  phase  displacement  between  primary 
and  secondary  voltages  is  zero,  and  you  have  only  to  find  out 
what  that  load  is  and  put  it  on  in  addition  to  the  wattmeter  po- 
tential coil  to  bring  the  angle  to  zero,  and  use  it  that  way. 
How  far  that  can  be  applied  to  the  testing  floor,  I  do  not  know. 
You  have  things  to  deal  with  there  that  are  difficult  to  handle. 
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The  difficulty  is  not  great  if  you  can  retain  the  people  perma- 
nently who  have  been  shown  how  to  do  the  work.  I  will  admit 
the  trouble  in  doing  such  work  commercially,  but  when  the 
real  necessity  for  it  arises,  I  do  not  think  the  instruments  or 
the  method  will  be  found  wanting. 

B.  A.  Behrend :  The  disturbing  effect  in  the  neighborhood 
of  the  wattmeter  is  because  the  wattmeter  is  so  apt  to  be  in- 
fluenced. 

L.  T.  Robinson:  I  feel  sure  that  the  instruments  to  which 
I  refer  are  entirely  free  from  those  disturbing  effects. 

Carl  J.  Fechheimer :  I  always  understood  that  the  wattmeter 
was  incorrect,  and  the  current  in  the  measured  coil  is  almost 
in  quadrature  with  the  current  in  the  corresponding  coil. 

That  only  occurs  at  50  per  cent  power  factor,  or  approximately 
50  per  cent  power  factor. 

L.  T.  Robinson :  It  does  not  occur  at  50  per  cent  power 
factor  when  you  use  three  instruments.  The  power  factor 
on  each  instrument  is  the  power  factor  of  the  whole  circuit. 

Carl  J.  Fechheimer:  Will  you  have  correct  results  on  your 
two  instruments  when  one  wattmeter  reads  a  negative  value 
and  the  other  reads  a  positive  value? 

L.  T.  Robinson:  Incorrect,  in  comparison  with  the  results 
obtained  with  three  instruments. 

Carl  J.  Fechheimer:    Why? 

L.  T.  Robinson:  You  are  substracting  one  thing  from  another 
thing,  to  which  it  is  very  nearly  equal,  and  a  very  small  inaccuracy 
in  the  wattmeter  becomes  a  large  part  of  the  difference  which 
is  shown. 

Carl  J.  Fechheimer:  Each  wattmeter  will  read  fairly  cor- 
rectly? 

L.  T.  Robinson:     Yes. 

C.  A.  Adams:  I  will  answer  one  part  of  Mr.  Fechheimer 's 
question.  In  the  case  of  the  two  wattmeters  three-phase  power 
measurement  with  nearly  50  per  cent  power  factor,  where  one 
wattmeter  reads  zero,  or  very  nearly  zero,  the  per  cent  error  of 
the  low  reading  wattmeter  may  be  very  large  but  the  actual  nu- 
merical error  of  the  total  measurement  is  exceedingly  small,  and 
quite  as  small  as  when  both  wattmetters  read  high. 

James  Burke:  If  I  may  be  peniiitted  to  make  a  suggestion 
to  the  Standards  Committee,  it  is  that  in  preparing  new  rules, 
they  should  not  overlook  the  introduction  of  the  necessar\'^ 
rules  for  the  correction  of  instruments  when  efficiency  tests 
are  made  by  input-output  methods.  Wc  have  heard  quite 
a  little  on  that  this  evening,  and  I  think  it  is  very  important, 
since  input-output  methods  do  come  up  occasionally,  that  the 
Standards  Committee  tell  us  how  to  introduce  corrections  on 
wattmeters  and  on  various  other  instruments  that  come  into 
use,  and  also  to  correct  for  the  nature  of  the  voltage  supplied, 
whether  pure  sine  wave  or  a  wave  that  has  some  other  compli- 
cations in  it.     I  think  that  is  going  to  be  quite  important,  be- 
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cause)  otherwise,  input-output  methods  will  be  relied  upon, 
without  their  proper  correction  factors,  and  it  may  be  that  the 
correction  factors  for  input-output  methods  would  be  as  large 
as  on  the  summation  of  loss  methods,  and  it  is  equally  import- 
ant not  to  overlook  them. 

B.  A.  Behrend:  Mr.  Btu'ke's  remarks  should  be  endorsed 
emphatically  and  heartily  by  all  of  us.  We  must  know  how  to 
correct  instruments.  I  have  never  been  able  to  get  accurate 
readings  in  a  testing  department  because  of  the  effect  of  large 
magnetic  fields  around  the  instrument.  You  cannot  shut  down 
a  large  manufacturing  plant,  employing  twenty  thousand  men, 
for  the  sake  of  making  one  test.  Night  testing  and  Sunday 
testing  are  equally  unsatisfactor>'  for  other  reasons.  I  want 
to  know  if  wattmeters  can  be  obtained  commercially  which  are 
not  readily  influenced  by  outside  currents  and  powerful  magnetic 
fields. 

L.  T.  Robinson:     Yes. 

J.  L.  Harper:  We  have  heard  a  great  deal  of  discussion  as 
to  corrective  factors,  and  my  remarks  this  afternoon  have  been 
referred  to  by  Mr.  Newbury  as  not  being  pertinent  to  the 
discussion,  but  as  I  understand  it,  the  necessity  for  determining 
all  these  losses  is  for  the  purpose  of  arriving  at  efficiency.  I  do 
not  wish  to  have  it  considered  that  any  remarks  of  mine  had 
reference  to  any  special  method  of  test,  or  to  any  test;  I  merely 
desired  to  protect  true  efficiency  from  the  corruption  of  a  com- 
mercial understanding  of  efficiency;  and  instead  of  applying 
so  many  corrective  factors  to  the  losses,  why  not  apply  one  cor- 
rective factor  to  the  efficiency? 

Mr.  Schuler  spoke  of  using  the  word  "  conventional  "  efficiency 
in  German v — whv  not  use  "  conventional  ''  or  **  commercial  *' 
efficiency  for  what  manufacturers  are  able  to  determine  as  effi- 
ciency? You  all  seem  to  agree  that  you  can  determine  certain 
of  these  losses  with  fair  accuracy.  Why  not  decide  upon  these 
losses  and  set  them  apart  and  let  them  be  determined,  and  call 
that  a  certain  kind  of  efficiency,  designate  it  by  some  kind  of 
qualifying  term  that  will  differentiate  it  from  the  true  efficiency, 
and  eliminate  the  necessity  for  the  use  of  these  thousands  of 
corrective  factors?  That  also  may  assist  Dr.  Stcinmetz  in  solving 
that  very  difficult  problem  of  satisfying  the  0]:)erating  engineer 
in  getting  the  true  efficiency,  which  you  all  seem  to  claim  is  a 
physical  impossibility.  That  may  be  so  at  the  present  time,  but 
as  time  goes  on  the  distance  that  se])arates  the  losses  that 
you  are  able  to  determine  by  the  segregated  loss  method,  from 
all  losses,  I  think  will  decrease,  and  there  will  come  a  time  when 
ftirther  characteristic  losses  will  be  added  to  the  determinable 
ones,  and  the  difference  between  true  efficiency  and  "  com- 
mercial "  or  '*  conventional  "  efficiency  may  be  decreased. 
The  present  rules  I  l>elievc  to  be  inconsistent,  in  that  they  give 
a  fairly  clear  definition  of  efficiency,  and  then  say  that  efficiency 
may  be  determined  by  the  measurement  of  the  losses  separately. 
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You  have  made  it  very  clear  to  me  that  it  is  a  physical  impos- 
sibility to  determine  these  losses  separately.  Therefore,  this 
eflBciency  which  the  rule  purports  to  approve,  is  not  a  true 
eflSciency,  but  some  qualifying  eflSciency  which  you  may  call 
**  conventional  '*  or  '*  commercial.*' 

I  merely  wish  to  make  the  suggestion  that  by  incorporating 
this  one  corrective  factor,  (which  may  be  ±  A^)  in  the  efficiency, 
you  make  unnecessary  all  of  these  thousands  of  other  corrective 
factors,  and  thus  simplify  both  the  matters  before  you  in  dis- 
cussing the  losses,  and  also  the  work  of  tiie  Standards  Committee 
in  endeavoring  to  satisfy  all  parties. 

E.  I.  Chute:  It  is  very  true,  as  Mr.  Behrend  and  Mr.  Robbins 
broughtout,  that  if  we  try  to  make  constants  to  account  for  the 
additional  load  losses  for  all  types  and  sizes  of  apparatus  we  will 
have  constants  as  numerous  as  the  sands  of  the  sea.  But 
the  case  is  not  as  bad  as  that.  There  are  not  very  many  opera- 
ting or  consulting  engineers  complaining  about  the  smaller  types 
of  apparatus;  it  is  the  larger  types,  where  one  per  cent  in  effi- 
ciency counts  in  dollars  and  cents.  In  these  the  constants  can 
be  sinunered  down  to  comparatively  few  in  number,  as  will 
be  noted  in  the  summary  to  the  paper  by  Messrs.  Olin  and 
Henderson.  It  must  not  be  thought  that  these  constants  are 
absolute,  nor  do  they  need  to  be.  No  method  of  test  now  in  use, 
even  with  the  help  of  the  laws  of  chance  and  Mr.  Robinson's 
shaded  belt,  will  assure  us  of  the  true  efficiency  of  a  machine, 
within  two  or  three  tenths  of  one  per  cent.  The  additional  load 
loss,  being  small  in  proportion  to  the  total  losses  of  any  machine, 
may  vary  materially,  often  even  25  to  50  per  cent,  without  af- 
fecting the  actual  efficiency  more  than  a  quarter  of  one  percent, 
so,  even  though  the  additional  load  losses  may  vary  slightly  in 
the  various  types  of  the  larger  machines,  a  large  number  of  them 
may  be  bunched  together  under  one  classification.  An  average 
constant  for  such  a  classification,  applied  as  suggested,  will 
then  give  operating  efficiencies  as  accurate  as  the  average 
engineer  demands. 

The  average  input-output  test  is  not  acceptable  to  either 
the  manufacturer  or  operator,  and  some  other  solution  of  the 
problem  of  determining  true  efficiencies  within  reasonable  limits 
must  be  worked  out.  The  sooner  we  make  a  start  at  it  the 
better. 

Mr.  Robinson's  paper  serves  to  bring  out  very  nicely  the 
limitations  of  the  input-output  test,  even  when  taken  under  the 
best  conditions  and  the  calculations  made  with  all  the  refine- 
ments of  mathematics.  On  one  curve  shown  by  a  previous 
speaker,  two  values  of  efficiency  are  given  at  normal  load,  the 
difference  apparently  being  due  to  the  exchanging  of  one  in- 
strument for  another  of  similar  capacity  and  accuracy.  It 
was  noted  that  there  was  a  difference  between  these  values  of 
four  tenths  of  one  per  cent,  a  greater  difference  than  accounted 
for  in  either  test  by  any  possible  change  in  constant  losses.     Why 
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might  not  this  discrepancy  have   been  in  just  the  opposite 
direction  to  that  shown? 

The  values  of  additional  load  loss  obtained  in  all  the  tables 
but  IX,  X  and  XI  speak  for  themselves.  If  these  values 
are  correct,  why  all  this  agitation?  The  separate  loss  method 
of  efficiency  determination  is  good  enough.  If  such  results 
with  the  input-output  method  of  test  are  obtained  by  Mr. 
Robinson  with  his  reputation  for  refinement  and  accuracy, 
what  can  the  rest  of  us  hope  for? 

L.  T.  Robinson:  There  should  be  no  misunderstanding  on 
that  point.  The  only  claim  I  make  is  that  these  points  will 
fall  within  that  belt.  And  they  do.  The  instruments  were 
interchanged,  at  one  point,  and  there  is  no  conclusion  to  be 
drawn  from  the  result  except  that  the  results  are  within  one- 
quarter  of  one  per  cent,  because  the  l)elt  is  only  that  wide  and 
the  points  fell  within  the  belt. 

E.  I.  Chute:  Other  unaccounted-for  inconsistencies  in  these 
tests  might  be  pointed  out,  and  it  is  my  personal  opinion  that  an 
accuracy  of  two  tenths  per  cent  claimed  for  them  is  not  war- 
ranted. It  only  goes  to  shgw  that  even  when  the  most  elaborate 
and  refined  of  methods  are  applied  to  the  input-output  tests, 
the  results  are  very  uncertain. 

H.  M.  Hobart:  No  mention  has  yet  been  made  of  the  best 
method  of  determining  the  true  efiiciency,  the  method  which 
the  Standards  Committee  would  probably  be  well  advised  to 
adopt,  and  that  is  a  method  based  on  calorimetry.  For  in- 
stance, one  can  measure  the  losses  at  no-load  with  exactness, 
while  a  given  quantity  of  air  is  being  passed  through  the 
machine.  The  temperature  of  the  air  at  the  inlet  and  at  the 
outlet  can  be  taken.  Again  the  machine  can  be  nm  at  full 
load  and  the  same  quantity  of  air  measured  at  the  inlet  and 
outlet.  This  gives  a  simple  way  of  deducing  quite  exactly  the 
ratio  of  the  losses  at  full  load  to  the  losses  at  no-load,  and  con- 
sequently of  arriving  at  the  magnitude  of  these  stray  losses, 
and  consequently,  also,  of  deducing  the  true  efficiency.  I  believe 
that  by  these  means  we  may  arrive  much  more  closely  at  the 
true  efficiency  than  by  any  other  practical  method. 

I  allude  first  to  large  machines,  because  generally  the  con- 
ditions surrounding  the  contract  for  large  machines  are  the  more 
important,  but  in  my  opinion,  for  smaller  machines  calorimetry 
also  offers  the  best  method.  In  the  case  of  a  small  machine, 
you  can  house  it  completely.  You  can  house  the  motor  in 
a  case,  through  which  you  pump  air,  measuring  the  quantity 
of  air,  its  inlet  temperature  and  its  outlet  temperattu'e.  The 
measurement  is  made  first  with  load.  Then  the  measurement 
can  be  repeated  at  no-load  with  the  addition  of  suitably  disposed 
rheostats,  into  which  you  can  introduce  an  additional  loss,  which 
will  give  you  the  same  inlet  and  outlet  temperature  when  your 
machine  is  running  unloaded  as  was  obtained  in  the  first  test 
when  running  it  at  its  rated  load.     The  amount  of  the  losses 
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in  these  rheostats  will  be  equal  to  the  load  losses,  including 
therein  the  legitimate  and  the  illegitimate  load  losses. 

Another  way  is  to  have  your  machine  in  one  receptacle  and 
then  let  the  air  pass  on  to  still  another  receptacle  in  which  you 
have  your  rheostat,  and  get  the  temperature  drop  across  each. 
It  is  a  thermal-drop  process.  When  the  thermal  drop  across  each 
receptacle  is  equal,  then  you  know  that  the  loss  in  the  machine  is 
equal  to  the  loss  in  the  rheostat.  If  the  drop  is  not  equal,  you 
can  get  the  loss  by  taking  the  ratio  of  the  thermal  drops.  There 
is  no  need  to  measure  the  quantity  of  air,  but  merely  to  maintain 
the  flow  constant. 

^^^  • 

W.  F.  Dawson:  The  method  proposed  by  Mr.  Hobart  is 
interesting  and  replete  with  possibilities,  but  it  requires  much 
study  and  care  so  that  new  sources  of  error  are  not  introduced, 
greater  than  those  contended  with  previously.  The  difficulties 
of  successfully  measuring  the  actual  amount  of  air  delivered,  and 
charting  it  so  as  to  get  a  true  average,  are  very  great.  I  have 
been  recently  checking  up  losses  with  the  thermal  capacity  of 
the  air  passing.  There  is  probably  additional  loss,  by  heat  con- 
vection, that  will  not  be  measured  by  thermal  capacity  of  the 
air  passing  through.  In  respect  to  turbo-alternators,  and  par- 
ticularly those  which  arc  provided  with  definite  air  passages 
for  inlet  and  outlet,  it  will  be  exceedingly  instructive  to  make 
these  tests  and  keep  them  for  comparison  and  reference.  I  doubt 
very  much  if  the  consulting  engineers  and  the  customer  will 
very  rapidly  embrace  the  facilities  which  Mr.  Hobart  has  offered 
in  respect  to  determining  these  load  losses.  Mr.  Erbcn  has 
shown  splendidly  how  these  load  losses  are  affected  by  design. 
It  would  be  a  great  mistake  and  an  injustice  for  the  committee 
to  lay  down  any  set  of  rules  and  say  that  **  this  class  of  machine 
shall  be  considered  to  have  \  of  1  per  cent  additional  loss  ** 
and  "  this  class  of  machine  shall  be  considered  to  have  §  of  1 
per  cent  additional  loss,"  etc.,  because  it  will  handicap  indi- 
vidual initiative.  It  will  put  the  designer  and  the  manufacturer 
of  inferior  machinery,  to  a  certain  extent,  on  the  same  basis 
as  the  designers  and  manufactiu*ers  of  machines  who  have  prac- 
tically eliminated  these  load  losses.  T  hope  the  discussions 
and  investigations  will  go  on.  There  cannot  be  any  question  but 
that  this  discussion  will  make  for  better  designs  of  machines, 
smaller  load  losses,  or  a  considerable  elimination  of  them.  Mr. 
Lamme  pointed  out,  and  Mr.  Erbcn  and  Mr.  Burke,  and  others, 
have  also  pointed  out,  that  while  we  may  indicate  what  these 
losses  are,  it  is  going  to  be  an  exceedingly  difficult  thing  to  stand- 
ardize them. 

H.  M.  Hobart:  I  do  not  propose  to  measure  the  quantity  of 
air.  That  is  difficult.  We  do  not  measure  the  quantity  of 
current  when  we  get  the  dro])  through  two  resistances.  W(* 
keep  the  current  constant.  The  air  flow  is  kept  constant  by 
running  the  fan  or  blower  at  constant  speed.  There  is  nothing 
new  in  calorimetric  methods. 
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B.  G.  Lamme:  I  have  listened  with  a  great  deal  of  interest 
to  what  Mr.  Harper  has  had  to  say  on  the  question  of  load  losses. 
He  says  that  if  we  cannot  measure  all  the  losses,  and  will  state 
what  we  can  measure,  and  if  we  are  wnlling  to  state  the  situation 
plainly,  he  is  willing  to  accept  it.  If  everybody  else  would 
agree  with  him  in  this,  it  would  make  it  ver>'  easy  for  the  Re- 
vision Committee.  Mr.  Harper  called  attention  to  putting 
a  factor  x  in  the  equation.  However,  it  has  been  suggested  by 
others  that  such  a  correction  factor  puts  a  penalty  on  good  design. 
That  is  true,  but  you  must  not  forget  that  virtue  is  its  own  re- 
ward. The  designer  who  builds  with  very  small  extra  losses 
has  a  correspondingly  bettor  machine,  because  any  reduction 
in  such  losses  reduces  the  temperature,  and  therefore  allows 
him  correspondingly  to  increase  the  output.  The  designer 
who  builds  with  high  extra  losses  will  eventually  lose  out,  so 
that  the  normal  tendency  is  toward  the  reduction  of  such 
extra  losses. 

Mr.  Harper  also  stated  that  eventually  w^e  would  come  closer 
to  the  true  efficiency.  I  agree  with  him,  but  possibly  it  will 
not  be  so  much  by  improved  means  of  measuring  as  by  reduction 
in  the  extra  losses.  I  know  that,  right  now,  the  tendency  to- 
ward reduction  of  the  extra  losses  is  very  strong,  and  that  all 
losses  in  the  machines  are  being  analyzed  and  studied  very  care- 
fully with  a  view  to  getting  better  performance  and  larger  out- 
puts by  eliminating  all  unnecessary  or  useless  conditions. 
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Object 
It  is  obviously  impossible  to  test  the  larger  machines  under 
energy  load  at  the  factory.  The  ad\dsability  of  making  adequate 
tests  before  shipment,  to  eliminate  as  completely  as  possible  the 
greater  expense  and  delay  of  possible  constructional  changes 
after  shipment,  is  generally  recognized  by  consulting  engineers 
and  manufacturers.  These  facts  make  the  question  of  com- 
promise temperature  tests  well  worth  the  consideration  of  the 
Insitute  in  connection  with  the  work  of  the  Standards  Commit- 
tee. The  author  believes  the  Standards  Committee  should  re- 
commend methods  of  loading  for  such  factory  temperature  tests 
for  the  guidance  of  consulting  engineers  and  others  responsible 
for  the  acceptance  of  machines,  and  for  the  protection  of 
manufacturers  against  unreasonable  demands  in  connection 
with  such  tests.  This  paper  has  been  prepared  with  the  object 
of  bringing  before  the  Institute  data  on  the  relative  merits  of 
the  various  methods  of  loading  which  have  been  suggested  and 
found  practicable,  and  of  making  recommendations  for  its 
consideration. 

Requirements  of  a  Satisfactory  Test 

Any  adequate  test  shoidd  duplicate  as  completely  as  is  possible 
the  conditions  under  which  the  machine  is  guaranteed  to  operate. 
In  addition  to  this  obvious  requirement,  the  factory  test  should 
be  more  severe  and  not  kss  severe  than  actual  operating  condi- 

649 


650  NEWBURY:     TEMPERATURE  TESTS  (Feb.  28 

lions,  and  the  test  conditions  of  current,  voltage,  etc.,  should 
correspond  closely  with  actual  load  conditions,  so  that  the  com- 
parison between  the  two  can  be  made  directly  and  without  the 
aid  of  experimental  data. 

Description    of  Methods    of    Loading  A-C.    Generators 

The  follo^ving  methods  of  loading  have  been  used  more  or  less 
extensively  and  will  be  considered  in  this  paper: 

a.  SJeparate  open-circuit  and  short-circuit  tests. 

b.  Alternate  open-circuit  and  short-circuit  tests. 
c    Direct-current  open-delta  test. 

d.  Zero  power  faclor  test. 

a.  Separate  Open-Circuit  and  Short-Circuit  Tests.  The  gen- 
erator is  first  tested  with  the  armature  winding  on  open  cir- 
cuit and  the  field  winding  excited  to  give  a  higher  armatiu'e 
voltage  and  core  loss  than  normal  in  order  to  compensate  for  the 
absence  of  the  armature  winding  loss.  Then  a  second  test  is 
made  during  which  the  amiature  winding  is  short-circuited 
through  ammeters  and  the  field  excited  sufficiently  to  circulate 
more  than  normal  full  load  current.  In  the  open-circuit  test, 
the  armature  core  is  the  only  part  subjected  to  conditions  com- 
parable to  actual  load.  The  field  winding  is  subjected  to  less 
than  the  maximum  operating  field  current,  but  the  temperature 
rise  is  approximately  proportional  to  the  loss,  so  that  the  tempera- 
ture rise  and  exciting  voltage  can  be  corrected  to  maximum  load 
conditions.  The  temperature  rise  of  the  armatiu'e  winding,  being 
on  open  circuit,  is  no  guide  whatever  to  the  temperature  rise 
under  load.  In  the  short-circuit  test,  the  armature  winding  is 
the  only  part  subjected  to  conditions  comparable  to  actual  load. 
The  field-winding  loss  and  core  loss  are  altogether  too  small  to 
give  rise  to  temperatures  that  would  be  any  guide  to  actual 
load  temperatures.  The  oix'n-circuit  test,  therefore,  is  of  value 
in  predicting  amiature  core  and  field  wnnding  temperature  rises 
and  the  short-circuit  test  is  of  value  in  ]jredicting  armature 
winding  temi)erature  rises. 

The  o|>en-circuit  and  the  short-circuit  tests  have  the  advantage 
of  simplicity  in  manijmlation  and  in  test  equipment.  No 
equipment,  (jther  than  a  relatively  small  driving  motor  and 
measuring  instruments,  is  required.  For  this  reason,  it  is  .some- 
times the  only  possible  methcxl  Ihat  can  he  carried  out  under 
factory  conditions. 

The  important  disadvantage  of  this  method  is  the  difficulty 
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of  properly  interpreting  the  results.  This  diffictilty  arises  from 
the  fact  that  the  core  loss  and  armature  winding  loss  are  not 
present  in  the  same  test,  so  that  the  combined  effect  of  the  two 
losses  on  the  core  and  winding  temperatures  must  be  approxi- 
mated from  the  separate  tost  results.  Experience  has  shown 
that  in  the  large  majority  of  machines  the  normal  load  core 
temperature  will  l>e  lower  than  the  oixin-circuit  core  temperature 
when  the  open-circuit  voltage  is  approximately  10  ikt  cent  higher 
than  normal,  and  that  the  normal  load  armature  winding  tempera- 
tiu'e  will  be  lower  than  the  short-circuit  test  results  when  the 
short-circuit  current  is  approximately  25  per  cent  higher  than 
normal. 

These  figures  can  be  considered  only  as  rough  approximations. 
It  is  obvious  that  the  combined  effect  of  the  core  and  copper 
losses  on  the  temperature  of  either  depends  on  the  relative 
amount  of  the  two  losses,  the  amount  and  kind  of  insulation 
and  the  relative  temperatures  of  the  core  and  copper.  In  high- 
speed generators,  such  as  steam  turbine-driven  generators  where 
the  core  loss  is  nonnally  three  to  four  times  the  armature  copper 
loss,  the  relation  between  the  temperatures  resulting  from  open- 
circuit  short-circuit  tests  and  actual  operation  will  be  very  differ- 
ent from  that  in  low-speed  generators  where  the  core  loss  is 
often  less  than  the  armature  copper  loss.  In  the  former  class  of 
generators,  the  core  temperature  can  be  predicted  with  reason- 
able accuracy  from  an  open-circuit  test  alone,  since  the  smaller 
copper  loss  will  have  little  additional  effect,  but  in  the  latter 
case  the  results  from  both  oj^en-circuit  and  short-circuit  tests 
must  be  given  serious  consideration.  The  insulation  affects 
the  interchange  of  heat  between  the  core  and  coils,  and  for  this 
reason  the  insulation  must  be  given  consideration.  Usually, 
high-voltage  machines  with  their  greater  thickness  of  insulation 
will  interchange  heat  less  readily,  and  a  smaller  increase  in  cur- 
rent than  25  per  cent  for  the  short-circuit  test  will  give  approxi- 
mately the  same  results  as  actual  load.  The  interchange  of 
heat  between  coils  and  core  will  vary  in  direction,  depending 
on  which  part  has  the  higher  temperature.  At  normal  load,  for 
which  the  coil  temperature  will  not  infrequently  be  lower  than 
the  core  temperature,  heat  will  flow  from  the  core  to  the  coils. 
At  overloads,  for  which  the  coil  temperature  will  generally  be  the 
higher,  the  flow  of  heat  will  be  in  the  opposite  direction.  In 
machines  such  as  turbo-generators,  in  which  the  problem  of 
ventilation  is  mainly  centered  in  the  core,  the  flow  of  heat  for  all 
loads  may  be  from  the  core  to  the  coils. 
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While  these  various  conditions  complicate  the  interpretation 
of  short-circuit  and  open-circuit  test  results,  they  are  subject  to 
simple  laws,  and  the  existence  of  these  conditions  is  not  a  serious 
objection  to  this  method  of  loading,  but  the  residts  from  short- 
circuit  and  open-circuit  tests  are  very  considerably  aflfected  by 
the  eflScacy  of  the  ventilation  provided  in  the  machine  under 
test,  and  the  correction  necessary  for  this  condition  cannot  be 
easily  nor  infallibly  applied.  In  general,  in  machines  in  which  the 
core  loss  is  larger  than  the  copper  loss  the  temperature  of  the 
core  should  be  relatively  low  at  the  end  of  the  short-circuit  test. 
If  contrary  results  are  obtained,  there  is  usually  some  fault  in 


TABLE  I 

OPEN-CIRCUIT.  SHORT-CIRCUIT  AND  ACTUAL  LOAD  TESTS  ON  SOOO-KV-A. 

2200-VOLT.  THREE-PHASE.  eO-CYCLE.  225-REV.  PER  MIN.  WATER 

WHEEL  GENERATORS— DEFECTIVE  CORE  VENTILATION 


Length  of  test  in  hours. 

VolU 

Amperes  per  phase 

Per  cent  power  factor. . 

Field  amperes 

Field  volts  on  rings 

Temperature  rises: 

Stator  core 

Stator  coils 

Rotor  coils 

Air  temperature. . 


Open 

Short 

Actual 

Actual 

circuit 

circuit 

load 

load 

7 

8.5 

20 

12 

2510 

0 

2280 

2520 

0 

985 

780 

760 

— 

— 

98 

90.7 

161 

65.5 

157 

178 

164 

67.2 

32.5 

30 

51 

.    53.7 

10.5 

30 

27 

20.7 

34.5 

12.5 

35 

46.7 

20.5 

18 

26 

39.8 

Field  coil  resistance  at  25  deg.  cent.  ■■  0.818  ohms. 
Armature  coil  resistance  per  phase  at  25  deg.  cent.  »  0.016  ohms. 
Core  loss  at  2200  volts  -  48    kw. 
Core  loss  at  2510  volts  »  63  kw. 


the  ventilation  of  the  armature  core,  but  this  is  by  no  means  a 
complete  test  for  proper  ventilation,  and  the  dependence  of  the 
proper  interpretation  of  the  test  residts  upon  ventilation  con- 
stitutes a  serious  disadvantage  of  this  method  of  loading. 

In  Tables  I  and  II,  results  from  short-circuit  and  open-circuit 
temperature  tests  and  tests  under  actual  energy  load  are  given, 
which  illustrate  the  discrepancies  which  may  occur  due  to  defec- 
tive ventilation.  In  these  3000-kv-a.  generators,  it  will  be  noted 
that  the  temperature  rise  in  the  core  on  open  circuit  was  32.5 
deg.,  and  the  short-circuit  test  showed  a  temperature  rise  of  30 
deg.  in  both  armature  winding  and  core.  The  tests  under  normal 
load  showed  a  temperature  rise  considerably  above  the  open- 
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circuit  core  temperature  and  an  armature  coil  temperature  some- 
what below  the  short-circuit  temperature  rise.  The  excessive 
core  temperature  was  found  on  investigation  to  be  due  to  insuffi- 
cient armature  core  ventilation,  and  the  results  after  this  defect 
was  corrected  (Table  II)  showed  substantial  agreement  between 
the  results  of  the  open-circuit  short-circuit  tests  and  actual  energy 
load.  The  discrepancy  between  the  core  temjxiratures  in  the 
compromise  test  and  in  the  actual  load  tests  can  be  explained  only 
on  the  assumption  that  on  open  circuit  the  low  temperature  of  the 
armature  winding  caused  a  large  part  of  the  heat  generated  in  the 
core  to  be  conducted  from  the  core  to  the  external  air  through 
the  armature  coils,  thereby  maintaining  the  core  at  a  fairly  low 


TABLE  II 

OPBN-CIRCUIT,   SHORT-CIRCUIT   AND    ACTUAL  LOAD     TESTS   ON    SAME 
GENERATOR  AS  IN  TABLE  I  AFTER  VENTILATION  WAS  CORRECTED 


Open 
circuit 

Short 
circuit 

Actual 
load- 

D-c.  open  delta 

Length  of  test  hours 

VolU 

7.6 
2520 
0 

159 
147.5 

27 
16 

28.5 
18 

10.5 
0 
788 

51  5 
44 

15.5 
15.5 
6.5 
20 

10 

2460 

795 

88.5 

181 

162 

33.6 
17.1 
33.1 
33 

8.5            11 

2200            2540 

788              988 

137               161 
127.5           152 

26.8            37.8 
14.8            20.8 
19.3            25.8 
17.2             17.2 

Amperes  per  phase 

Per  cent  power  factor 

Field  amoeres 

F^eld  volts  on  rinss 

Temperature  rises: 

Stator  core 

Stator  coils 

Rotor  coils 

Air  temperatures 

temperature.  During  the  load  tests,  the  temperature  of  the 
copper  in  the  slots  was  probably  not  materially  different  from 
that  of  the  core,  so  that  this  avenue  of  escape  for  the  core  heat 
was  shut  off,  resulting  in  high  core  temperature. 

The  difference  in  actual  temperature  conditions  on  open 
circuit  and  under  a  compromise  load  which  experience  has  shown 
to  approximate  actual  load,  is  shown  in  Table  III.  These  results 
were  obtained  by  indications  from  thermocouples  located  in  the 
center  of  the  slots  of  a  3800-kv-a.,  4000-volt,  60-cycle,  three-phase 
400  rev.  per  min.  generator.  These  results  show  the  great  in- 
fluence of  the  core  losses  on  the  coil  temperatures,  or,  in  other 
words,  the  important  part  the  coils  play  in  conducting  heat 
from  the  interior  of  the  core  to  the  outer  cooling  air,  particularly 
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when  the  loss  generated  within  the  coils  is  negligible.  The  true 
conditions  arc  entirely  masked  by  the  usual  thermometer  read- 
ings. 

A  minor  disadvantage  of  the  short-circuit  and  open-circuit 
method  of  test  is  the  inability  to  test  the  field  winding  adequately 
for  temperature  and  exciting  voltage  margin.  The  field  current 
used  in  the  open-circuit  test  is  approximately  equal  to  the  full- 
load  100  per  cent  power  factor  field  current.  To  test  with  a  field 
current  even  approaching  that  required  for  the  maximiun  load 
and  low  power  factor  for  which  the  generator  is  usually 
designed  would  result  in  a  prohibitive  core  loss  and  temperature. 
With  this  method  of  testing,  the  guarantees  involving  the  field 
v^Hnding  must  be  checked  by  calculation  from  the  relatively  low 


TABLE  III 
OPEN-CIRCUIT  AND  ZERO  POWER  FACTOR  TESTS  WITH    THERMOCOUPLE 

READINGS  OF  TEMPERATURE 


Open 

circuit 

4000  volts 

0  amperes 


Core — tooth  1/2  in.  below  air  gap 

Core — 1  /2  in.  below  slot 

Core — 1/2  in.  inside  outer  surface  of  core- 
Core — outer  surface  (by  thermometer) .  . 
Max  armature  coil  temperature  in  center 

of  core 

Max.  armature  coil  temperature  on  ends 
of  coils,  by  thermometer 


36 
35 
32 
23 

28  5 

7 


0  Per  cent 

power 

factor 

4000  volts 

550  amp. 


45 
44 

38 
31 

40 

17 


Open 

circuit 

4800  volts 

0  amperes 


55.5 
53.5 
48  5 
44 

45 

18 


0  Per  cent 

power 

factor 

4800  volU 

550  amp. 


66 
62 
55 
47 

60 

26.5 


field  current  used  in  the  test.  Tliis  disadvantage  applies  not  only 
to  the  field  coil  temperature  but  to  the  exciting  voltage.  It  is 
of  considerable  advantage  in  a  compromise  test  that  the  field 
excitation  required  should  be  a  maximum.  In  that  event,  the 
exciting  voltage  shown  by  the  test  record  will  directly  indicate 
the  adequacy  or  inadequacy  of  the  design  in  this  respect. 

b.  Alternate  Open-Circuit  and  Short-Circuit  Tests.  As  has 
been  pointed  out,  the  difficulty  in  [)roperly  interpreting  the  re- 
sults from  the  sei)arate  short-circuit  and  open-circuit  tests  would 
be  eliminated  if  both  core  and  co])per  losses  were  present  in  the 
same  test,  as  in  actual  operation.  To  approximate  more  closely 
this  condition,  it  has  been  suggested  to  test  the  generator  under  a 
succession  of  short  cycles,  each  c\cle  consisting  of  a  short-circuit 
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and  open-circtiit  test.  The  values  of  current  and  voltage  during 
the  short-circuit  and  open-circuit  parts  of  the  cycle  are  determined 
so  that  the  average  core  loss  during  the  cycle  and  the  average 
copper  loss  during  the  cycle  are  equal  respectively  to  the  core  loss 
and  copper  loss  during  actual  load  conditions.  The  average  loss 
during  the  complete  cycle  and  the  loss  during  nonnal  operation 
wUl  be  equal,  and  if  the  length  of  the  cycle  is  sufficiently  short  the 
temperatures  should  be  the  same  under  the  test  conditions  and 
actual  load.  The  division  of  time  between  the  open-circuit  and 
short-circuit  parts  of  the  cycle  may  be  arbitrarily  made  within 
fairly  wide  limits.  If  the  lengths  of  time  are  very  different, 
either  core  loss  or  copper  loss  will  have  to  be  abnormally  increased 
to  'maintain  the  desired  average,  so  it  will  be  found  desirable  to 
divide  the  cycle  into  approximately  equal  parts.  If  the  two  losses 
are  sufficiently  near  together  in  value,  it  is  of  advantage,  theoret- 
ically at  least,  to  divide  the  cycle  between  the  two  conditions 
in  the  ratio  of  each  loss  to  the  total  losses.  With  the  time  so 
divided,  not  only  will  the  average  losses  during  a  complete  cycle 
equal  the  normal  load  losses  during  a  nequal  time,  but  the  core 
loss  during  the  open-circuit  and  the  copper  loss  during  the  short- 
circuit  part  of  the  cycle  will  equal  the  sum  of  the  core  loss  and 
copper  loss  during  normal  operation. 

Since  this  test  has  only  recently  been  suggested  and  is  probably 
not  as  familiar  as  the  other  tests  discussed,  an  example  will  be 
described  in  detail.  The  test  described  was  made  on  a  6250-kv-a., 
6600-volt,  three-phase,  60-cycle,  240-rcv.  per  min.  waterwheel 
generator.  The  core  and  copper  losses  under  actual  load  were 
approximated  from  separate  loss  measurements  by  taking  the 
core  loss  from  the  open-circuit  core-loss  curve  at  the  total  induced 
voltage  under  normal  load  and  nonnal  voltage  and  the  armature 
copper  loss  was  taken  for  normal  current  from  the  short-circuit 
loss  curve.  This  latter  loss  is  greater  than  that  actually  existing 
under  load  since  it  includes  not  only  the  copper  loss  but  the  core 
loss,  and  to  this  extent  is  an  unfavorable  assumption.  The  cor- 
responding favorable  assumption  would  be  the  use  ot  P  R  loss 
only.    The  numerical  values  for  thisjgeneratorjarc^as  follows: 

Losses  as  determined  from  separate  loss  test. 
At  6640  volts  (total  induced)  core  loss  =       93  kw. 
At  547  amperes  short -circuit  kw.  loss    =      72  kw. 


Total  losses  at  normal  load,  165  kw. 
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165  kw.  open-circuit  core-loss  is  obtained  at  8200volts  and 280 
field  amperes. 

165  kw.  short-circuit  loss  is  obtained  at  S75  armatuie  amperes 
and  125  field  amperes. 

Dividing  the  time  proportionally  to  the  losses: 


Time  on  core  loss  = 


165 


-  56  i^er  cent. 


Time  on  copper  loss  =  - 


=  44  per  cent. 


Choosing  a  30-minute  cycle,  the  time  on  open  circuit  would  be 
17  minutes  and  the  time  on  short  circuit  would  be  13  minutes. 


=  =?  "t™ "  "s  ■'  •rs^f*'"  1 —  -  f— -" 

^- — -^^  j^. 

/                                     /       Hv      .<.n«tL. 

7'        ,'       "^ 

//    ^'           „,^,         „,^                            ,      ,,r^,      ,,, „,    „.,. 

(/            1    i  1  1  r 

'"               1   ■      '    i   : 

TIME 

Fig,  1 — Alteknate    Open-Circuit    and    Sbort-Circuit    Loading — 
TvpicAL  Aruatuke  Copper  Teuperatures 


The  value  of  the  field  copper  loss  in  kw-hours  will  be  dependent 
upon  the  values  of  open-circuit  voltage  and  short-circuit  current 
assumed.  This  loss  must  be  compared  with  the  loss  under 
operating  conditions  and  the  results  interpreted  accordingly. 
In  this  example,  the  figures  are: 

Field  loss  per  hour  =  280"  X  0.6  X  0.56  =■    26.5 
125*  X  0.6X0.44  -      4.15 

30.65 

The  field  loss  per  hour  under  normal  load,  100  per  cent  power 

factor,  is  19kw.,andatnormalload,  zero  power  factor,  is  46.5  kw. 

Thermometer  readings  were  made  at  the  middle  and  end  of  each 

part  of  the  cycle  in  order  to  follow  the  temperature  changes.    On 
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a  generator  of  this  size,  it  is  not  desirable  to  change  from  open 
circuit  to  short  circuit  with  the  full  excitation  used  in  the  test. 
The  field  current  was,  therefore,  reduced  to  practically  zero  and 
brought  up  again  to  the  short-circuit  value  in  changing  from 
the  open-circuit  to  the  short-circuit  condition.  Typical  core  and 
copper  temperature  logs  are  ^hown  in  the  curves,  Figs.  1  and  2, 
and  the  final  temperature  results  are  shown  in  Table  IV. 

it  will  be  noted  from  these  results  that  while  the  armature  and 
field  copper  temperatures  check  fairly  well  with  the  results  from 
other  methods  of  loading,  the  core  temperature  is  much  too  high. 

Results  from  a  similar  test  on  a  150-kv-a.,  2400-volt.,60-cycle, 
900-rev.  per  min.  belted  generator,  tested  under  conditions  to 
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correspond  to  its  normal  rating  of  \X-fy  kv-a.,  and  also  under 
conditions  corresponding  to  200  kv-a.,  are  shown  in  Table  V. 

It  will  be  noted  that  the  results  from  these  cycle  tests 
correspond  fairly  well  with  actual  load  and  with  zero  power  factor 
tests,  except  in  the  field  copper  temperatures. 

The  temperature  logs,  Figs.  1  and  2,  show: 

1.  The  variation  in  temperature  is  much  greater  in  the  arma- 
ture copper  than  in  the  armature  core,  due  to  the  smaller  volume 
of  the  former  and  the  consequent  greater  concentration  of  loss. 

2.  The  longer  the  cycle  the  greater  this  variation.  A  fifteen- 
minute  cycle  appears  to  be  a  sufficieutly  short  cycle  for  a  large 
generator  such  as  the  one  described. 
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The  high  core  temperature  obtained,  in  comparison  with  the 
core  temperatures  obtained  by  other  methods  of  loading,  indicates 
that  the  losses  on  open  circuit  should  be  reduced  possibly  to  the 
value  found  by  experience  to  be  correct  for  the  separate  open- 
circuit  test.  This  is  the  core  loss  for  110  per  cent  normal  voltage, 
instead  of  124  per  cent  normal  voltage  as  used  in  the  alternate 
open-circuit ,  short-circuit  test  described .  But  any  such  departure 
from  a  logical  and  simple  basis  to  an  empirical  basis  is  a  decided 
disadvantage  in  a  standard  method  of  test.  While  the  correct 
core  loss  for  the  test  of  this  generator  could  be  found  by  compara- 
tive tests,  the  relation  so  found  might  or  might  not  apply  to  an- 
other generator  of  different  proportions,  depending  on  all  of  the 

TABLE  IV 

ALTERNATE  OPEN-CIRCUIT  AND  SHORT-CIRCUIT  TEST   AND    COMPARA- 
TIVE DIRECT-CURRENT.  OPEN-DELTA  AND  ZERO  PER  CENT  POWER 
FACTOR  TESTS  ON  6250-KV-A..  6600-VOLT.    THREE-PHASE.    60-CY- 

CLE.  240-REV.   PER  MIN.  GENERATOR 

All  tests  continued  until  constant  temperatures  attained. 


Volts 

Amperes  per  phase 

Per  cent  x)Owcr  factor 

Field  amperes 

Field  volts 

Rise .  stator  core 

■  Stator  copper,  thermometer. 

Rotor  copper,  thermometer. 

!  Rotor  core 

I  Air  temp,  room 


0  per  cent 
power 
factor 


Cycle 


6600 

547 

0 

278 

174  5 

32 . 5 

26.5 

40 

14 

22.5 


I 


0/8200 
0/867 

127/305 
160/380 

41   o 

30  o 

33  5 

33 

19  5 


factors  influencing  the  transmission  of  heat  between  the  core 
and  winding. 

c.  Direct-Current  Open-Delta  Test.  This  method  of  loading 
is  still  closer  to  the  conditions  existing  under  normal  o|)eration 
in  that  the  generator  is  excited  to  correspond  to  normal  voltage 
and  the  armature  winding  simultaneously  carries  current 
corresponding  to  normal  load.  The  winding,  if  not  already  so 
connected,  is  connected  in  delta,  in  the  case  of  three-phase  wind- 
ing, or  in  the  equivalent  closed  winding  in  the  case  of  two-phase 
windings,  and  one  comer  of  the  closed  winding  is  opened  and 
direct  ciurent  is  introduced  and  circulated  through  the  complete 
winding.    Since  the  alternating  voltage  is  balanced  at  any  comer 
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of  the  closed  winding,  no  alternating  voltage  is  introduced  in  the 
direct-ctirrent  circuit  and  a  direct  voltage  equal  to  the  resistance 
drop  to  the  alternating-current  winding  is  all  that  is  required. 
The  presence  of  the  direct  current  in  the  armature  winding  re- 
sults in  a  stationary  field  with  respect  to  the  armature,  having  a 
pole  for  each  phase  of  each  pole  of  the  a-c.  generator.  With 
chorded  armature  windings,  the  value  of  this  field  is  reduced, 
until,  with  a  three-phase  winding  having  a  throw  equal  to  two- 
thirds  of  the  pitch,  this  direct-cturent  field  disappears.  These 
statements  can  be  easily  checked  by  plotting  the  field  form  due  to 

TABLE  V 

COMPARATIVE  TESTS  ON  ISO-KV-A..  2400-VOLT,  THREE-PHASE.  60-CYCLE, 

900  REV.  PER  MIN.  GENERATOR 

All  tests  continued  until  constant  temperatures  attained. 


Volts 

Amperes  per  phase 

Per  cent  i>ower  factor. . . 

Field  amperes 

Field  volts 

Rise  stator  core 

Stator  cop.  thermometer . 
Rotor  cop.  thermometer. 

Rotor  core 

Air  temperature,  room. . . 


Zero 

Zero 

Actual 

power 

Cycle  1 

Actual 

power 

Cycle  2 

load 

factor 

load 

factor 

2400 

2400 

0/ 

2400 

2400 

0/3150 

36.1 

39.5 

0/60.3 

48 

48.2 

0/63 

100 

0 

100 

0 

17.3 

26.7 

14/53 

19.4 

28 

15.8/31 

62.5 

102.8 

20/77 

72 

119.5 

63/127 

24.5 

24.5 

23 

27 

30.5 

31 

19.5 

15.5 

16 

23.5 

28 

21 

23 

45 

24 

26 

64 

49.5 

13.5 

15.5 

13 

20 

25 

17.6 

23.5 

19 

25 

24.5 

20 

24.5 

Cycle  (1)  Open  circuit,  14  minutes. 
Short  circuit,  6  minutes. 
Cycle  during  last  hour  of  test  reduced  to  5  minutes. 


Cycle  (2)  Open  circuit,  16  minutes. 
Short  circuit,  14  minutes. 
Cycle  during  last  hour  of  test  reduced  to  15  minutes. 


the  distributed  armature  winding  in  the  same  manner  as  the  field 
form  of  induction  motors  is  commonly  plotted.  Since  this  direct- 
current  field  is  stationary  with  respect  to  the  armature,  it 
generates  voltages  in  any  solid  part  of  the  field  magnets,  and  since 
it  has  three  times  the  number  of  poles  of  the  generator,  the  losses 
due  to  the  stationary  field  may  be  considerable  if  there  is  any 
considerable  volume  of  solid  metal  in  the  field.  In  a  3000-kv-a., 
225-rev.  per.  min.  60-cycle  generator  having  laminated  poles  and 
solid  end  plates  and  with  non-magnetic  wedges  between  poles 
to  retain  the  field  coils,  this  additional  loss  in  the  rotating  field 
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magnets  amounted  to  7.6  kw.  In  a  larger  generator  of  similar 
construction,  this  loss  amounted  to  17  kw.  Losses  of  this  magni- 
tude may  easily  increase  the  temperature  rise  of  the  field  coils 
and  so  vitiate  the  test  results.  This  method  of  test  is,  therefore, 
limited  to  generators  in  which  the  magnet  poles  ate  mainly 
laminated,  unless  the  armature  winding  is  considerably  chorded. 
In  any  event,  the  additional  power  required  to  drive  the  generator 
under  test  should  be  observed,  with  and  without  the  circulating 
direct  ourent,  in  order  to  check  the  additional  losses  due  to- it, 
before  reliance  is  placed  upon  test  results. 

The  correct  field  current  to  use  with  this  method  of  loading 
is  very  little  more  than  the  field  current  to  give  normal  voltage 
on  open  circuit,  and  no  appreciable  error  is  introduced  by  the 
use  of  open-circuit  normal  voltage  field  current.    Obviously,  the, 


TABLE  VI 

COMPARATIVE  TEMPERATURE   RISES— LEADING  AND  LAGGING  60  PER 

CENT  POWER  FACTOR  TESTS 

Lagging  Leading 

Length  of  test  in  hours 11.5  11.5 

Volts 6300  6300 

Amperes  per  phase 344  344 

Per  cent  i>ower  factor 60  60 

Field  amperes 135  48 

Field  volts  on  rings 102 . 5  35 

Rise,  stator  core 27 . 5  27 

Stator  copper,  thermometer 14.5  14 

Rotor  copper  thermometer 14  5.5 

Air  temperature,  room 21  21 .5 


excitation  should  be  such  as  to  duplicate  full-load  core  loss  as 
nearly  as  this  can  be  duplicated  without  alternating  current  in 
the  armature  winding.  This  condition  will  be  attained  when 
the  excitation  is  sufficient  to  produce  the  flux  required  for  the 
induced  voltage  with  normal  terminal  voltage  and  normal  arma- 
ture current.  This  flux  is  equal  to  the  flux  required  to  produce 
an  open-circuit  voltage  equal  to  the  vector  sum  of  terminal  volt- 
age, the  voltage  drop  due  to  armature  resistance  and  the  volt- 
age drop  due  to  self-induction  of  that  part  of  the  armature  wind- 
ing outside  of  the  core.  The  larger  field  current  actually  required 
by  load  conditions  (accounted  for  mainly  by  armature  demagneti- 
zation) is  neutralized  by  the  armature  load  current  and  does  not 
restdt  in  increased  armature  flux.  That  this  value  of  field  cur- 
rent is  substantially  correct  is  shown  by  numerous  cases  where 
the  results  of  this  method  of  loading  have  been  compared  with 
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the  results  from  zero  power  factor  method  and  from  actual  energy 
load. 

A  further  check  on  this  same  point  is  afforded  by  the  compari- 
son of  test  results  made  at  zero  power  factor  or  at  higher  power 
factors  leading  and  lagging.  Such  comparative  results  are 
shown  in  Tables  VI  and  VII  for  a  2250-kw.,  3750-kv-a.,  6300-volt, 
three-phase,  50-cycle,  300-rev.  per  min.,  synchronous  motor 
operating  at  60  i)er  cent  power  factor  leading  and  lagging  and  a 
6000-kv-a.  generator  operating  at  zero  power  factor  leading  and 
lagging. 

It  will  be  noted  that  in  both  cases  the  core  temperatiu'es  are 
practically  the  same  at  the  leading  and  lagging  power  factors, 
which  indicates  very  little  difference  between  actual  load  flux 
corresix)nding  to  the  true  induced  voltage.    The  reason  armature 

TABLE  VII 

COMPARATIVE   LEADING   AND   LAGGING   ZERO   POWER   FACTOR   TESTS 

6000-KV-A..  400  REV.  PER  MIN.  GENERATOR 

Generator  operated  at  normal  load  until  constant  temperatures  attained,  followed  by  25 

per  cent  overload  for  three  hours 

Lagging  Leading 

VolU 4000  4000 

Amperes  per  phase 1083  1083 

Per  cent  power  factor 0  0 

Field  amperes 177  2 

Field  volts  on  rings 222  — 

Rise,  stator  core 40 . 5  40  5 

Stator  copper,  thermometer 41  37 

Rotor  copper,  thermometer 28. 5  6 

Air  temperature  room 24 . 5  22 

self-induction  due  to  that  part  of  the  winding  in  the  slots  is  not 
included  is  that  this  part  of  the  self-induction,  like  the  armatiu^ 
reaction,  does  not  result  in  an  increased  flux  and  generated  volt- 
age but  merely  produces  a  flux  which  must  be  neutralized  by  the 
main  flux.  A  further  reason  why  differences  in  loading  do  not 
produce  differences  in  temperature  rise,  as  commonly  measured, 
is  that  the  differences  in  loss  produced  by  loading  occur  mainly 
in  the  armature  teeth  where  accurate  thermometer  temperature 
measurements  cannot  be  made. 

Special  armature  windings  having  only  one  coil  per  slot  may 
introduce  irregular  direct-current  wave  forms  which  will  have  an 
effect  on  the  field-core  heating  and  temperature.  Whether  this 
is  a  serious  matter  can  always  be  determined  by  plotting  the 
field  form  or  checking  the  losses  due  to  the  direct  current. 

To  summarize,  the  test  conditions  of  this  method  of  loading 
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are  the  same  as  those  existing  under  actual  load,  except  for  the 
lower  field  winding  loss  and  for  whatever  difference  results  from 
the  use  of  direct  current  in  the  armature  winding  instead  of  alter- 
nating current.  In  general,  the  core  temix*ratures  will  correspond 
very  closely  with  those  obtained  from  actual  operation.  The 
armature  copper  temperature  will  be  .slightly  less  than  that  ob- 
tained from  actual  operation  and  the  field  coil  temperature  and 
exciting  voltage  will  be  considerably  less  than  that  obtained 
from  actual  operation.  The  differences  in  field  coil  temperature 
and  excitation  are  not  a  serious  objection  to  the  method  of  test, 
since  both  can  be  corrected  to  any  desired  condition  of  operation 
by  proportional  calculation. 

d.  Zero  Power  Factor  Method  of  Loading.  With  this  method 
of  loading,  the  generator  under  test  is  operated  in  parallel  with  a 
generator  of  the  same  voltage  and  frequency  and  of,  at  least, 


TABLE  VIII 

COMPARATIVE  TESTS  ON  12.600-KV-A..  MOO-VOLT.  THREE-PHASE.  SO-CYCLE. 
300  REV.  PER  MIN.  VERTICAL  SHAFT  GENERATOR 


Zero  i>ower 
factor 

D-C. 
delta 

6600 

6700 

877 

877 

0 

281 

170 

35  6 

36 

35 

29.5 

37  5 

17 

Volts 

Amperes 

Per  cent  i>ower  factor 

Field  amperes 

Rise,  stator  core 

Stator  copper,  thermometer 

Rotor  copper,  thermometer 

equal  current  capacity.  The  generator  under  test  is  over-excited 
and  the  generator  in  parallel  with  it  under-excited  until  the 
desired  armature  current  flows.  The  generator  under  test,  there- 
fore, is  operating  under  normal  voltage,  normal  current  and  a 
field  current  equal  to  or  greater  than  the  maximum  value  ever 
required  under  operating  conditions.  The  test  is,  therefore, 
made  under  more  severe  conditions  than  actual  full  load  at  anv 
operating  power  factor. 

The  one  limitation  in  the  application  of  this  method  of  loading 
is  the  necessity  for  testing  equipment  equal  in  kilovolt-ampere 
capacity  to  the  generator  under  test.  When  there  are  two  dupli- 
cate generators  being  built,  this  limitation  obviously  does  not 
apply,  since  one  generator  can  be  tested  in  parallel  with  the  other. 
This  duplicate  generator  will  not  always  be  available  and  in  some 
cases,  and  even  when  it  is,  the  expense  for  a  duplicate  test  rig 
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may  be  prohibitive.  This  is  generally  the  case  with  large  vertical 
generators  where  the  thrust  bearing  is  supplied  as  part  of  the 
waterwheel.  A  large  number  of  comparative  tests  made  at  zero 
power  factor  and  under  actual  load  conditions  shows  the  sub- 
stantial agreement  between  the  zero  power  factor  and  actual 
loading. 

Various  tests,  from  which  comparisons  between  actual  load, 
the  direct-current  circulating  method  of  loading  and  the  zero 


TABLE  IX 

COMPARATIVE  TESTS  ON  5000-KV-A..  6600-VOLT.  THREE-PHASE.  50-CYCLE, 

300  REV.  PER  MIN.  GENERATORS 


Volu 

Amperes  per  phase 

Per  cent  power    factor.  . .  . 

Field  amperes 

Field  ^olts  on  rings 

Rise,  stator  core 

.  Stator  sopper.  thermometer. 
:  Rotor  sopper,  thermometer. 


1 

Actual 

D-C. 

Actual 

1 
D-C. 

load 

delta 

load 

delU 

6000 

6000 

5910 

6000 

480 

480 

600 

600 

100 

100 

128.9 

118 

136 

118 

145 

125 

155 

125 

34 

35 

43 

42 

30 

25 

46 

40 

'         26 

1 

25  5 

27 

29 

TABLE  X 

COMPARATIVE  TESTS  ON  1400-KV-A..  2300-VOLT,  THREE-PHASE,  60.CYCLE. 

200  REV.  PER   MIN.  GENERATORS 


Volts 

Amperes  per  phase 

Per  cent  power  (actor 

Field  amperes 

Rise.  Atator  core  . 

Stator  copper,  thermumcter. 
Rotor  ropper,  thermometer. 


Open 
circuit 


2550 
0 

106.  T) 
20. «> 
9 
10 


Short 
circuit 


0 
440 

53 

10 

7 

3 


D-C. 

delta 


2300 
352 


97 
22 
14.5 
8 


0  per  cent 
power 
factor 


2300 

352 

0 

139 

24. 

17 

16. 


power  factor  method  of  loading  can  be  made,  are  given  in 
Tables  VIII,  IX  and  X.  Comparative  results  from  d-c.  open 
delta  and  actual  load  tests  arc  also  given  in  Table  II.  From  Table 
VIII,  it  will  be  noted  that  in  the  direct -current  circulating  test  the 
field  excitation  was  slightly  above  that  required  for  open-circuit 
normal  voltage  and  the  core  teini>eraUire  was  slightly  above  that 
obtained  on  the  zero  ])o\ver  factor  test.  This  bears  out  the  state- 
ment made  in  connection  wnth  the  proper  value  of  field  current 
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in  the  direct-cmrent  circulating  test.  It  will  also  be  noted  that 
the  armature  winding  temperature  rise  is  somewhat  lower  on  the 
direct-current  test  than  on  the  zero  power  factor  test. 

Conclusions 

Of  the  four  methods  of  loading  discussed,  it  is  the  author's 
opinion  that  the  zero  power  factor  method  more  nearly  approaches 
the  requirements  of  a  satisfactory  method  of  loading,  as  outlined 
in  the  early  part  of  this  paper.  The  conditions  in  this  method  of 
loading  correspond  almost  exactly  with  conditions  of  actual 
operation,  so  that  no  question  can  arise  as  to  the  proper  voltage, 
armature  current  and  field  current  to  use  in  the  test,  and 
whatever  differences  exist  make  the  test  more  severe  and  not 
less  severe  than  actual  load.  The  tests  also  gives  a  direct  indica- 
tion of  the  field  coil  temperature  and  exciting  voltage  under 
maximum  conditions  of  operation.  If,  on  account  of  lack  of 
equipment,  this  method  of  loading  is  not  feasible,  the  author 
recommends  that  the  direct-current  circulating  test  and  the 
separate  short-circuit  and  open-circuit  method  be  substituted, 
in  the  order  given.  The  alternate  short-circuit  and  open-circuit 
test  is  not  recommended,  on  account  of  the  wide  divergence  from 
actual  operating  conditions,  making  the  question  of  correspond- 
ence between  the  conditions  of  test  and  conditions  of  operation 
entirely  one  of  judgment  and  experience  in  which  the  two  parties 
concerned  may  not  agree.  However,  as  experience  with  this 
method  of  loading  is  accumulated,  it  may  prove  preferable  to  the 
separate  oi;)en-circuit  and  short-circuit  method,  as  it  does  more 
nearly  approach  actual  operating  conditions  than  the  separate 
tests. 

Methods    of  Loading    Large    D-C.    Generators    and 

Synchronous  Converters 

There  has  been  only  one  method  of  loading  suggested  or  used 
which  gives  results  of  any  value  in  comparison  with  the  results 
from  actual  operation.  This  method  is  the  well-known  **  loading 
back  "  method  in  which  two  machines  of  equal  capacity  are 
operated  together,  one  as  a  generator  and  the  other  as  a  motor. 
The  correspondence  with  actual  operating  conditions  is  exact  as 
far  as  commutation  and  temperature  on  steady  load  are  concerned. 
Where  a  second  machine  is  not  available,  the  field  coil  tempera- 
ture can  be  checked  by  an  open-circuit  test.  The  core  and  copper 
temperatures  on  such  a  test  are  of  very  little  value  on  accotmt  of 
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the  absence  of  the  relatively  large  armature  copper  loss.  The 
commutation,  however,  can  be  checked  by  operating  at  zero  volt- 
age or  reduced  voltage  and  normal  current,  in  case  the  genera- 
tor is  provided  with  commutating  poles.  Such  tests  are  advisable 
but  do  not  afford  any  adequate  test  of  temperatures. 

It  is  recommended  that,  the  loading-back  method  of  test  be  used 
for  d-c.  generators  and  synchronous  converters  when  the  necessary 
apparatus  is  available  at  the  factory  and  the  generator  is  too  large 
to  test  on  a  resistance  load. 


^•f€f  pr€S§ni9d  at  the  Midwinter  Cofit««- 
tion  of  the  American  Institute  of  EXedrical 
Engineers.  New  York,  February  28.  1913. 
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COMPARLSON  OF  METHODS  OF  MAKING  LOAD  TESTS 
ON    A-C.     GENERATORS    AND    ON     INDUCTION 

MOTORS 


BY  E.  F.   COLLINS  AND  W.   E.   HOLCOMBE 


The  object  of  this  paper  is  to  outline  briefly  some  of  the  most 
practical  methods  that  have  been  employed  for  obtaining  the 
normal  running  temperatures  of  alternators  and  induction  motors 
under  no-load  or  partial  load  conditions. 

Nearly  all  the  methods  treated  have  been  discussed  in  scientific 
papers  at  home  and  abroad  and  are  known  to  most  electrical 
engineers.  It  is  our  intention  to  si)eak  of  these  methods  only  in 
a  general  way  and  to  submit  data  showing  comparative  results 
obtained  in  regular  commercial  testing. 

The  chief  reasons  for  testing  by  these  no-load  methods  are  in 
order  that  the  cost  of  testing  may  be  materially  reduced,  and 
because  machines  are  being  built  in  such  numbers  and  of  such 
capacity  that  the  manufacturer  cannot  economically  provide 
power  supply  and  testing  equipment  for  the  actual  loading  of  all 
machines. 

I.  Alternators 

The  methods  for  making  heat  runs  on  alternators,  with  which 
this  paper  deals,  will  be  designated  as  follows: 

1.  Zero  power  factor  method. 

a.  Leading  current. 

b.  Intermittent  leading  and  lagging  current. 

2.  Open-  and  short-circuit  method. 

a.  Continuous  run. 

b.  Intermittent  run. 

3.  Open  delta  method. 

4.  Phase  displacement  method. 
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1.  Zero  Power  Factor  Method 

a.  Leading  Current.  The  machine  to  be  tested  is  operated 
as  a  synchronous  motor  running  free  at  normal  voltage  and 
normal  leading  current  in  the  armature,  obtained  by  over- 
exciting  the  field.  As  practically  the  whole  armature  reaction 
directly  opposes  the  field,  the  field  current  is  greater  than  under 
any  other  condition  of  normal  armature  voltage  and  current. 
The  normal  field  heating  can,  however,  be  approximated  by  re- 
ducing the  observed  temperature  rise  in  proportion  to  the 
respective  field  losses. 

This  method  has  given  very  good  results  and  has  been  exten- 
sively used  in  testing  turbo-alternators.  The  main  error  of  the 
method  is  that  the  field  heating  will  be  greater  than  occurs  when 
operating  under  full  load. 

b.  Intermittent  Leading  and  Lagging  Current.  The  above 
method  is  modified  by  operating  the  machine  alternately  for 
short  periods  with  leading  and  lagging  currents  in  the  armature. 
The  two  periods  may  be  adjusted  so  that  the  average  loss  is 
equal  to  normal. 

Let  /o  be  the  field  current  required  for  over-excitation,  /»  the 
current  required  for  under-excitation,  In  the  normal  field  and  A" 
the  per  cent  of  a  complete  cycle  (consisting  of  a  period  of  over- 
excitation and  a  period  of  under-excitation)  during  which  over- 
excitation is  used,  then 

/o«  X+{l--X)  lu'   =   In' 

or 

/  2   __    /  2 

^^  ~   /o*  -  /,' 

In  this  method  an  attempt  is  made  to  comi)ensate  for  the  ex- 
cessive field  heating  of  the  previous  case  by  running  the  machine 
intermittently  over-excited  and  undcr-cxcitcd,  the  time  interval 
to  be  such  as  to  give  normal  heating  in  the  field.  This  method  has 
been  found  to  give  excellent  results. 

The  only  practical  objection  to  the  zero  power  factor  method 
is  that  it  requires  equivalent  kv-a.  supply,  which  is  not  always 
available. 

Tables  Ia,  Ib  and  I c  give  data  comparing  results  obtained  from 
zero  power  factor  tests  with  those  from  actual  load  on  same 
machine. 
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TABLE  I  A 
THREE-PHASE.  60   CYCLES.   25(K)   KV-A..   1800   RP:V.    PER    MIN..  2300  VOLTS 


Maximum  temperature  rise 

Full  load 

Zero  power  factor. 

leading 

Armature  laminations 

35 
31 
29 
34 
41 

35 
29 
23 
27 
68 

42 

■         ducts 

*         coils 

•    (res.) 

Field  coils  (res.) 

■         ■       •     reduced  to  nor- 
mal  

TABLE  I  B 
♦THREE-PHASE.  60  CYCLES.  715  KV-A..  720  REV.  PER  MIN..  2300  VOLTS 


Maximum  temperature  rise 

Full 
load 

Zero  powcx  factor 
leading 

Zero  power  factor 

Leading  7  min. 

Lagging  13  min. 

Armature  laminations 

30 
23 
30 
28 
26 

38 

, 

36 
36 
35 
44 
54 
19 
69 
24 

29 
28 
26 
30 
27 

38 

"         ducts 

*         coils 

•    (res.) 

Field  coils 

■         ■  reduced  to  normal 

!       ■         ■  (res.) 

'                 •       •    reduced  to  normal. . . 

1 
i 

TABLE  I  C 
•THREE-PHASE.  60  CYCLES.  257  KV-A..  720  REV.  PER  MIN.  2630  VOLTS 


Maximum  temperature  rise 


Armature  laminations 

■  ducts 

■  coils 

■  (res.)   

I  Field  coils 

I       •       ■     reduced  to  normal 

!      ■       ■     (res.) 

■       "       ■      reduced  to  normal. 


Full 
load 


22 
20 
16 
31 
32 

42 


Zero  power  factor 
leading 


22 
23 
20 
18 
77 
36 
102 
48 


Zero  power  factor. 

Leading  3.5 

min. 

Lagging  5.5. 

min. 

19 

18 

15 

23 

32 

44 

•  Location  of  thermometers  was  the  same  for  these  runs 


2.     Open-  and  Short-Circuit  Method 

a.  Continuous  Run.  This  method  consists  in  running  the 
machine  a  certain  porcentaj^c  above  normal  voltage  on  open 
circuit  until  temperatures  are  constant,  then  a  certain  percentage 
above  normal  current  on  short  circuit  until  temperatures  are 
constant.    A  maximum-rated  generator  is  usually  operated  at 
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110  per  cent  normal  volts  and  110  per  cent  normal  current,  while 
higher  percentages  are  used  with  generators  that  are  designed  to 
carry  overloads.  The  core  loss  when  operating  above  normal 
voltage  is  assumed  to  heat  the  armature  core  to  approximately 
the  same  temperature  as  it  would  be  heated  when  operating  under 
normal  voltage  and  current.  The  PR  in  the  armature  coils 
when  running  above  normal  current  is  assumed  to  heat  the  coils 
to  approximately  the  same  temperature  as  when  operating  at 
normal  voltage  and  current. 

On  open  circuit  the  voltage  taken  is  assumed  to  be  that  which 
would  correspond  to  a  core  loss  equal  to  the  combined  armature 
losses  under  load.  Hence,  in  the  successful  application  of  this 
method  an  approximate  knowledge  of  the  core  loss  curve  and 
total  armature  losses  under  load  is  necessary. 

Likewise,  the  short-circuit  current  is  taken  a  certain  percent- 
age above  normal.  In  some  cases  this  current  may  cause  a  heating 
in  the  coils  which  is  in  excess  of  the  heating  on  full  load.  On  the 
other  hand,  on  all  classes  of  machines  and  particularly  on  ma- 
chines using  forced  ventilation,  the  amount  of  the  cooling  air  is 
proportional  to  the  total  losses  in  the  machine.  With  the  absence, 
therefore,  of  the  core  loss  in  armature,  which  may  form  a  consider- 
able part  of  the  total  losses,  the  heat  conduction  to  a  relatively 
cool  core  may  be  more  ra])id  than  would  he  the  case  were  the 
machine  loaded. 

Tables  IIa,  IIb,  lie  and  IId  give  data  comparing  results  ob- 
tained from  the  open-  and  short-circuit  method  (continuous) 
with  those  from  actual  load  on  the  same  machines. 

b.  Intermittent  Run.  The  generator  to  be  tested  is  run 
alternately  open  and  short-circuited.  The  length  of  time  for  a 
complete  cycle  usually  varies  from  four  to  fifteen  minutes. 

Let  X  be  the  per  cent  of  the  time  during  which  the  machine 
is  short-circuited,  Ic  the  normal  armature  current  and  Wc  the  nor- 
mal core  loss.  When  the  machine  is  operated  open-circuited,  the 
field  current  is  adjusted  to  give  a  voltage  such  that  the  core  loss 

W  c 
is  equal  to  -      — ^-,  and  when  operated  short-circuited,  so  that 

the  armature  current  is     .  *— ,     If  /o  and  /,  are  the  field  cur- 

V  X 

rents  for  the  i>eriods  of  open  circuit  and  short  circuit  respec- 
tively, and  In  the  normal  field  current,  the  average  field  current 

will  be  

^/  UX\li{\-X) 
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TABLE  II  A 
♦THREE-PHASE.  60  CYCLES.  2500  KV-A..  1800  REV.  PER  MIN..  2300  VOLTS 


I  Maximum  temperature  rise,  iieg.(*ent|    ♦Full     '    Open-circuit  110 

load  per  cent  volts 


Armature  laminations.  . . 

*  ducts 

*  coils  (thermo.) 

■    (res.) 

;  Field  winding 


35 
31 
29 
34 
41 


*  Average  of  runs  on  two  similar  machines. 


28 


48 


Short-circuit  120 
per  cent  amperes 


30 
45 


TABLE  II  B 
THREE-PHASE.  33  CYCLES.  'AiW  KV-A..  1990  REV.  PER   MIN..  2300  VOLTS 


Maximum  temperature  rise 


j  Armature  laminations. 

•         ducts 

■         coils 

Field  winding  (res.).  .  . 


Full 
load 


Open-circuit  110 
per  cent  volts 


Short-circuit  122 
per  cent   amperes 


25 
24 
22 

38 


20 
16 


25 


34 


TABLE  II  C 
tTHREE-PHASE.  60  CYCLES.  715  KV-A..  720  REV.  PER  MIN..  2300  VOLTS 


Maximum  temperature  rise 


I  Armature  laminations. 

"  ducts 

*  coils 

!  "  •     (res.) .  . 

Field  coils 

-   (res.) 


Full     I    Open-circuit  110  .      Short-circuit  110 
load      i      per  cent  volts  per  cent  amperes 


30 
23 
.30 
28 
26 
38 


25 
24 


21 
35 


30 
32 


t  Thermometers  wer»*  in  tht*  same  lor.'ttion  for  all  runs. 


TABLE  II  D 
THREE-PHASE.  60  CYCLES.  3000  KV-A..  514  REV.  PER   MIN..  2300  VOLTS 


Maximum  tcmpernturc  ri.se 


!  Armature  laminations. 

■  ducts 

■  coils 

-    (res.).. 


Field  coils. 


Full 

Open 

-circuit  110 

Short-circuit  125 

load 

per 

cent 

volts 

per  cent  amperes 

32 

30 

29 

24 

— 

25 

■ — 

24 

34 

— 

30 

21 

'29 

— 

21 

29 
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the  value  of  X  being  so  chosen  that  the  average  field  current  will 
be  equal  to  /».  If  this  is  done,  the  average  losses  due  to  armature 
current,  core  loss  and  field  excitation  should  be  about  the  same 
as  under  load.  It  is  not  always  possible  to  choose  a  value  for  X 
that  will  make  the  average  field  loss  equal  to  the  normal  field 
loss,  but  the  field  heating  can  be  approximated. 

In  some  generators  the  short-circuit  core  loss  is  considerable 
and  cannot  be  neglected.  This  can  be  taken  care  of  by  slightly 
modifying  the  intermittent  method. 

If  Ws  be  the  short-circuit  core  loss  corresponding  to  armatiu^ 

current  -  -.-  ^  - ,  used  during  period  of  short-circuit,  the   total 

loss  supplied  diuing  interval  X  will  be  Ws  X.  This  loss  should  be 
subtracted  from  the  normal  core  loss  to  find  the  core  loss  to  be 
supplied  during  the  period  of  open  circuit.     This  loss  will  be 

Wc-WsX    .    ,     ,    .       Wc 
-     -  ^—  y  mstead  of     -t  \_~y 

Several  tests  have  been  made  by  this  method  and  the  tempera- 
tures obtained  agree  fairly  well  with  load  temperattires.  In  the 
practical  application  of  this  method  judgment  should  be  exercised 
in  selecting  periods  obtained  by  the  foregoing  formula  so  that  the 
armature  winding  may  be  not  subjected  to  excessive  cturents 
that  result  in  damage  to  insulation  before  a  dangerous  tempera- 
ture is  recorded  on  a  thermometer  applied  to  the  external  stirface. 

This  test  requires  a  knowledge  of  both  the  open-  and  short- 
circuit  core  loss  before  the  run  is  begun,  which  sometimes  handi- 
caps its  use. 

Tables  He,  IIf  and  IIo  give  data  comparing  results  obtained 
from  the  intermittent  open-  and  short-circuit  method  with  those 
from  actual  load  on  the  same  machines. 

3.  Open  Delta  Method 

The  armature  winding  of  a  three-phase  machine  is  connected 
in  delta  with  one  corner  open  and  direct  current  is  introduced 
at  this  point.  The  fields  are  excited  with  that  current  which 
gives  normal  volts  when  the  machine  is  operating  under  full 
load.  The  excitation  is  calculated  from  the  satiu'ation  and 
impedance  curves. 

In  many  machines  an  alternating  cross  current  may  flow  in  the 
delta,  due  to  the  harmonics.    When  this  current  exists  it  is  meas- 
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6?3 


ured  and  combined  vectorially  with  the  applied  direct-current 
value.  The  proper  value  of  the  current  to  give  armature  copper 
loss  corresponding  to  normal  load  current  (la)  will  be  equal  to 


TABLE  II  B 
THREE-PHASE.  60  CYCLES.  2500  KV-A.,  1800  REV.  PER  MIN..  2300  VOLTS 


Maximum  temperature  rise 

Pull 
load 

Intermittent  run 
Open-circuit  10  min.  117  per  Cfnt  volts 
short-circuit     5    '     173  per  cent  amperes 

Armature  laminations 

36 
31 
29 
34 
41 

32 

■         ducts 

29 

■         coUs 

17 

•            ■    (res.) 

22 

Field              ■       •     

37 

TABLE  II  F 
♦THREE-PHASE.  60  CYCLES.  715  KV-A.,  720  REV.  PER  MIN..  2300  VOLTS 


1 

Maximum  temperature  rise 

Full 
load 

7.5 
7.6 

Intermittent  run 
min.  open-circuit  116  per  cent  volts. 
*     short-circuit  143  per  cent  amp's. 

Armature  laminations 

30 
23 
30 
28 
26 
38 

29 
30 
40 
40 
25 
34 

i          -         ducts 

•         coils 

■             *    (res.) 

Field               ■ 

•                 ■    (res.) 

i 

*  Location  of  thermometers  the  same  for  both  tests. 


TABLE  II  G 
♦THREE-PHASE.  60  CYCLES.  257  KV-A..  720  REV.  PER  MIN.,  2530  VOLTS 


Maximum  temperature  rise 

Pull 
load 

Intermittent  run 
4      min.  short-circuit  152  per  cent  amp's. 
5.5      ■     open-      ■        113  per  cent  volts 

Armature  laminations 

22 

10 

■         ducts 

20                                               l« 

*         coils 

16 
31 
32 
42 

15 
23 
32 
44 

■             ■    (res.) 

Field              ■ 

•                 •  (res.) 

♦  Thermometers  in  same  position  for  both  runs. 


^4  =  V  Pa  —  Pc  wl^^re  U  equals  the  applied    direct    current 
and  Ic  equals  the  circulating  current  due  to  the  harmonics. 

This  method  may  be  used  on  other  than  three-phase  alternators 
by  properly  splitting  and  connecting  the  stator  windings  so  as  to 
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obtain  zero  or  a  low  potential  across  the  opening  into  which  the 
direct  current  is  introduced. 

Satisfactory  results  have  been  obtained  in  some  cases  by  this 
method,  but  it  is  unreliable  for  general  testing.  This  is  largely 
due  to  the  fact  that  the  direct  current  in  the  armature  forms  a 


TABLE  III  A 
♦THREE.-PHASE.  60  CYCLES.  715  KV-A..  720  REV.  PER  MIN..  2:iOl)  VOLTS 

SALIENT  POLE  MACHINE 


Maximum  temperaturt*  rise 

Armature  laminations 

*         ducts 

"         coili 

■  (res.) 

Field 

•    (res.) 


Full  load 

Open  delta 

30 
23 

29 
2.) 

♦  Location  of  thermometers  the  same  for  both  runs. 

TABLE  III  B 
THREE-PHASE.  00  CYCLES.  2500  KV-A..  1800  REV.  PER   MIN..  S.-^CK)  VOLTS 

NON-SALIENT  POLE  MACHINE 


Maximum  temperature  rise 

Armature  laminations 

*         ducts 

"  coils 

'  (res.) 

Field  '        •      


tFull  load 


35 
31 
29 
34 
41 


Open  delta 


51 
53 
37 
45 
108 


t  Average  of  two  .Mmilnr  machines. 


TABLE  III  C 
THREE-PHASE.  60  CYCLES.  300  KV-A..  1800  REV.  PER   MIN..  4S()  VOLTS 

NON-SALIENT  POLE   MACHINE 


I 


Maximum  temperature  rise 

Armature  laminations 

"  ducts 

*  coils 

-   (res.) 

Field  *        -     


Full  load 


25 


Open  delta 


31 


22 

27 

21 

27 

38 

33 

19 

41 

magnetic  pole  out  of  each  group  of  coils  per  phase,  which  results 
in  a  pulsating  flux  and  abnormal  losses. 

Tables  IIIa,  IIIb  and  IIIc  give  data  comparing  results  ob- 
tained from  the  open  delta  method  with  those  from  actual  load 
on  the  same  machines. 
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4.  Phase  Displacement  Method 

Duplicate  generators  are  assembled  with  their  fields  coupled 
together  in  such  a  way  that  a  displacement  of  phases  may  be 
obtained  by  shifting  one  field  with  respect  to  the  other  or  by 
shifting  armature  frames.  A  direct-current  motor  of  sufficient 
capacity  to  take  care  of  the  losses  in  both  machines  is  used  to 
drive  the  generators  at  normal  speed.  The  required  condition 
of  load  and  power  factor  must  be  obtained  by  trial.  The  stators 
are  connected  together  electrically  for  proper  phase  rotation  so 
that  one  machine  acts  as  the  motor  and  the  other  as  the  gene- 
rator. 

This  method  will  give  results  in  all  cases  identical  with  those 
obtained  under  actual  load. 


TABLE  IV 
THREE-PHASE.  60  CYCLES.  2500  KV-A..  1800  REV.  PER  MiN..  2300  VOLTS 

TEMPERATURE  RISES.  DEC.  CENT. 


Armature  laminations. . 

■  ducti 

■  coils  (ther.) . . 

•  (res.)... 
j  Field  winding  (res.) . . . . 
I  ■  ■  corrected. 
I  Room 


35 
31 
29 
34 

41 

24 


3 


27 
68 
42 
19 


51 
53 
37 
45 
108 

24 


36 
28 


48 


30 


5 

6 

32 

— 

29 

35 

17 

45 

22 

37 

31 

27 

Column  1 .  Average  of  two  runs  on  similar  machines,  100  per  cent  power  factor,  actual  load. 

Column  2.  Zero  power  factor  method,  over-excited  field. 

Column  3.  Open  delta  method. 

Column  4.  Open-circuit  run  at  110  per  cent  normal  volts. 

Column  5 .  Short-circuit  run  at  120  per  cent  normal  amperes. 

Column  6.  Intermittent  run:    open-circuit  10  min..   117  per  cent  volts;    shurt-circtiit  5 
min.,  173  per  cent  amperes;   repeated  until  temperatures  were  constant. 


The  principal  objection  to  this  method  is  that  it  requires  two 
identical  machines,  and  may  be  used  only  when  it  is  possible  and 
practical  to  couple  them  together. 

Tables  IV  and  V  show  comparative  temperatures  obtained 
on  the  same  machine  run  in  accordance  with  the  several  methods 
described. 

The  temperatures  recorded  for  the  715-kv-a.  machine  were 
obtained  during  successive  runs  and  the  thermometers  on  the 
machine  were  not  disturbed  dunng  the  entire  i)rogress  of  the  tests. 
The  rotating  parts  were  also  marked  so  that  the  thermometers 
were  always  applied  to  the  same  points  when  machine  was  shut 
down. 
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TABLE  V 
THREE-PHASE.  M  CYCLES,  715  KV-A  .  720  REV.  PER  MIN- 
TEMPERATURE  RISES.  DEC.  CENT. 
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Column  7.  Intermittent  run,  7.5  mtn.  open-circuit  at  116  per  cent  voltb  and  7.5  min. 
short-circuit  143  per  cent  amperes. 

Column  8.  Intermittent  run,  open-  and  short-circuited  with  periods  determined  from 
excitation  for  8U  per  cent  power  factor  condition,  5  min.  open-circuit  at 
140  per  cent,  volts  and  10  min.  short-rimiit  at  130  per  cent  amperes. 

Column  9.   Open  delta  method. 

Conclusions 

We  believe  the  zero  power  factor  method  with  intermittent 
leading  and  lagging  current  to  be  the  best  substitute  for  full 
load  test,  since  the  losses  have  approximately  the  same  distribu- 
tion as  exist  in  the  machine  under  load.  This  conclusion  is  con- 
firmed by  the  results  of  the  foregoing  temperature  tests.  The 
zero  power  factor  method  with  leading  current  gives  practically 
the  same  values,  with  the  exception  of  greater  heating  on  the 
field.     This  can  be  readily  corrected  for  normal  field  loss. 

The  open-  and  short-circuit  method  has  been  extensively  used, 
and  when  proper  values  of  voltage  and  current  are  chosen,  will 
give  results  agreeing  fairly  well  with  actual  load  values.  It 
is  primarily  recommended  as  a  checking  test  on  machines  whose 
temperatures  have  previously  been  determined  by  the  zero 
power  factor  or  actual  load  methods,  and  whenever  it  is  not 
practical  or  convenient  to  use  these  methods. 

II.  Temperature  Tests  which  Approximate  Actual  Load 
Conditions  for  Induction  Motors 

The  methods  described  are  as  follows: 

1.  Feeding-back  method. 

2.  Reduced  voltage  method. 

3.  Reversed  rotation  method. 

1.  Feeding-Back  Method 

This  test  is  made  by  belting  together  two  induction  motors, 
in  such  a  manner  as  to  make  one  run  above  and  the  other  below 
synchronous  speed.  The  amount  that  each  differs  from  synchron- 
ous speed  is  the  nonnal  slip  for  that  load.  The  stators  are  con- 
nected in  multiple  to  an  a-c.  supply  of  normal  frequency  and 
voltage. 

One  machine  act^  as  a  generator  and  the  other  as  a  motor. 
Temperatures  obtained  on  the  motor  under  these  conditions  of 
load  will  equal  normal  operating  temperatures. 

This  method  inxolvfs  (Hirkultit'S  in  obtaining  proper  pulley 
diameter  and  is  limited  by  the  power  that  is  readily  transmitted 
by  belting. 
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Where  the  induction  motor  is  direct-connected  to  a  d-c. 
machine  and  two  sets  are  available,  the  feeding-back  method  may 
be  used  in  all  cases  and  temperatures  will  be  obtained  equivalent 
to  those  of  full  load. 

2.  Reduced  Voltage  Method 

This  test  is  made  by  running  the  motor  tree  at  normal  volts 
until  temperatures  are  constant.  The  motor  is  then  operated  at 
a  reduced  voltage  and  sufficient  load  to  give  the  required  current. 
The  kv-a.  input  is  usually  J  to  i  of  normal  and  the  power  output 
about  1/16  to  \  of  normal.  Although  the  load  carried  at  reduced 
voltage  is  small,  the  slip  from  synchronous  speed  exceeds  that 
for  the  same  primary  current  at  normal  voltage.  Full-load 
speed  is  desirable  and  is  obtained  by  raising  the  frequency  of  supply 
a  small  percentage. 

The  temperature  rise  on  the  stator  at  ftdl  load  may  be  deter- 
mined from  the  above  method  as  follows: 

Tf  =  Temperature  rise  on  stator  for  ftdl-load  normal  volts. 

Tn  =  Temperature  rise  on  stator  for  no-load  normal  volts. 

Tf  ==  Temperature  rise  on  stator  for  reduced  voltage  run. 

En  =  Normal  voltage. 

Ef  =  Reduced  voltage. 

Tf^Tr-      ^^  J      +  Tn 

The  same  method  of  calculation  may  be  followed  for  any  load. 
The  rotor  temperature  is  to  be  taken  as  observed  on  reduced 
voltage  run.  As  a  rule,  the  calculated  temperature  rises  from  this 
method  are  somewhat  greater  than  those  obtained  from  actual 
toad. 

Tables  VI,  VII,  VIII,  IX  and  X  give  data  comparing  tempera- 
tures from  actual  load  with  temperatures  obtained  by  the  reduced 
voltage  method. 

TABLE  VI 
THREE-PHASE.  GO  CYCLES.  20  H.P..  1200  REV.  PER  MIN..  220  VOLTS 


Running 

125 

125  per 

Corrected 

Maximum 

Normal 

free  at 

Corrected 

per 

cent 

for    125 

temperature  rise 

Pull 

amperes 

normal 

for  full 

cent 

normal 

per  cent 

in  deg.  cent. 

load 

80  volts 

volts 

load 

load 

amperes 
80  volts 

load 

Stator  laminations. 

26 

20 

14 

:j2 

33 

27 

1 
39 

•        ducts   

20 

17 

8 

24 

28 

23 

30         1 

•       coils 

20 

18 

7 

23 

27 

2.-*       ' 

30 

-  (res.).... 

25 

— 

10 

— 

30 

— 

— 

Rotor  conductors. . . 

18 

18 

6 

18 

25 

20 

1 

20         1 

1 
1 
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TABLE  VII 
•  THREB-PHASB.  60  CYCLES.  20  H.P..  1200  REV.  PER  MIN..  220  VOLTS 


Running 

125 

125  per 

Corrected 

Pull 

Normal 

free  at 

Corrected 

per 

cent 

for    125 

Maximum 

load 

current 

normal 

for  full 

cent 

current 

per  cent 

temperature  rise 

80  volts 

volts 

load 

full 
load 

90  volts 
20 

load 

Stator  laminations. . 

22 

19 

15 

32 

29 

41 

•       ducts 

19 

16 

10 

25 

2!» 

23 

31 

•       coils 

16? 

21 

12 

31 

27 

27 

37 

•(re..)... 

25 

26 

16 

40 

35 

33 

46 

Rotor  conductors. . . 

15 

16 

11 

16 

22 

23 

23 

*  Location  of  thermometers  not  changed  during  run. 


TABLE  VIII 
THREE-PHASE.  60  CYCLES.  50  H.P..  900  REV.  PER  MIN..  440  VOLTS 


Maximum  temperature  rise 


Stator  laminations 

•  ducts 

*  coils 

•  (res.).. 
Rotor  conductors. . 


Pull  load 


24 
16 
18 
32 
17 


Normal  am-  !  Running  free 

peres  220    i    at  normal 

volts  volts 


Corrected  for 
full  load 


19 
12 
14 
23 
18 


10 
4 
5 

22 
6 


26 
15 
18 
39 
18 


TABLE  IX 
*  THREE-PHASE.  60  CYCLES.  100  H.P..  720  REV.  PER  MIN..  550  VOLTS 


Maximum 
temperature  rise 


Stator  laminations. 

*  ducts 

•  coils 

(res.) .  • . 
Rotor  conductors... 


Pull 
load 


Normal 
current 
156  volts 


24 
20 
23 
29 
16 


15 
14 
14 
16 

7 


Running 
free  at 
normal 
volts     \ 


I 


125 


Corrected  per 

for  full  cent 

load       j  full 

:  load 


■|- 


12 
9 

7 
9 
5 


26 
22 
20 
24 

7 


34 
25 
30 
31 
24 


125  per 

Corrected 

cent 

for  125 

current 

per  cent 

238  volts 

load 

24 

34 

22 

32 

25 

31 

27 

35 

18 

18 

*  Location  of  thermometers  not  changed  during  runs. 
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TABLE  X 
•THREE-PHASE.  60  CYCLES.  250  H.P..  600  REV.  PER  MIN..  440  VOLTS 


Running 

125 

Corrected 

Normal 

free  at 

Corrected 

per 

for  125 

Maximum 

Full 

amperes 

normal 

for  full 

cent 

165 

per  cent 

temperature  rise 

load 

180  volts 

volts 

load 

am- 
peres 

volts 

load 

Stator  laminations. . 

22 

21 

10 

AO 

33 

32 

40 

•       ducts 

21 

17 

7 

23 

30 

30 

36 

•        coils 

21 

19 

0 

24 

29 

31 

36 

•  (res.).... 

23 

18 

10 

27 

33 

31 

39 

Rotor  conductors. . . 

20 

20 

5 

20 

23 

33 

33 

•  Location  of  thermometers  not  changed  during  runs. 


3.    Reversed  Rotation  Method 

This  test  is  made  by  driving  the  rotor  at  normal  full-load  speed 
in  a  direction  opposite  to  that  in  which  it  has  a  tendency  to  turn 
when  current  is  applied  to  the  stator.  The  impressed  volts  on 
stator  are  adjusted  to  give  the  current  corresponding  to  any  load. 

This  method  appears  to  be  a  practical  one  and  gives  temperature 
rise  on  the  stator  in  most  cases  that  very  closely  approaches  nor- 
mal running  temperatures.  It  is  difficult,  however,  to  completely 
explain  why  the  temperatures  obtained  are  in  such  close  agree- 
ment with  those  obtained  under  actual  load. 

Tables  XI,  XII  and  XIJI  give  data  comparing  temj^eratures 
from  actual  load  with  thost^  obtained  by  this  method. 

TABLE  XI 
*  THREE-PHASE.  60  CYCLES.  250  H.P..  600  REV.  PER  MIN.,  440  VOLTS 


Maximum 
temperature  rise 


Pull  load 


Stator  laminations. 

•  ducts 

•  coils 

Rotor  conductors. . 


22 
21 
21 
20 


Reversed  rotation 

125  per 

normal  amperes 

cent 

load 

19 

33 

17 

30 

19 

29 

16 

23 

Reversed  rotation 

125  per  cent 

amperes 


31 
27 
34 
22 


*  Location  of  thermometers  same  for  all  runs. 


TABLE  XII 
*  THREE-PHASE,  60  CYCLES,  100  H.P.,  720  REV.  PER  MIN.,  550  VOLTS 


Maximum  temperature  rise 


Stator  laminations. 

•  ducts 

*  coils 

•  (res.)... 
Rotor  conductors. . 


Pull  load 

Normal  amperes 

1 

reversed  rotation 

24 

23 

20 

20 

23 

26 

29 

30 

16 

18 

^  Location  of  thermometcTt  Mine  tot  «!l\  tmi^a. 


1913] 


LOAD  TESTS 


G81 


TABLE  XIII 
♦THREE-PHASE.  60  CYCLES.  20  H.P..  1200  REV.  PER  MIN..  220  VOLTS 


Maximum  temperature  rise        Pull  load 


Normal 
amperes 
reversed 
rotation 


Stator  Laminations 25 

■       ducts 20 

•       coils 20 

■    (res.) 25 

Rotor  conductors 18 

*  Location  of  thermometers  itame  for  all  runs. 


18 
18 
17 
18 
17 


125  per  cent 

125 

amperes 

per  cent 

reversed 

load 

rotation 

33 

26 

28 

24 

27 

23 

30 

26 

25 

23 

From  the  data  presented  it  will  Ikj  noted  that  lx)th  the  reducecl 
voltage  and  reversed  rotatit^i  methcnls  ^ivc  temi.)eratiires  closely 
approximating  those  obtained  under  actual  load.  The  distri- 
bution of  losses  in  the  machine  under  the  reduced  voltage  method 
is  more  nearly  normal  than  in  the  reversed  rotation  method. 
Either  method  is  easily  applied  and  requires  the  expenditure  of 
only  a  small  amount  of  power,  compared  with  the  rated  output 
of  the  motor  under  test. 


A  P*P*r  prtsiittd  at  the  Midwinter  Conven- 
tion of  Ike  American  tnstitnie  of  Electriial 
Engineers,  New  York.  February  28.  19 IM. 

Copyright.  1913.     By  A.  I.  B.  E. 


NOTES  ON  METHODS  OF  MAKING  LOAD  TESTS  ON 

LARGE  INDUCTION  MOTORS 


BY  A.  M.  DUDLEY 


It  is  desirable,  wherever  it  is  possible,  to  test  apparatus  fully 
in  all  respects  before  it  leaves  the  premises  of  the  manufacturer. 
Where  this  can  be  done  and  the  results  carefully  checked  by 
both  parties  to  the  contract  there  is  little  possibility  of  the  units 
failing  to  do  in  service  what  was  expected  of  them. 

In  the  case  of  induction  motors  such  complete  tests  include  a 
check  on  the  efficiency,  power  factor,  torques,  heating,  noise, 
mechanical  balance  and  temperature.  With  the  exception  of 
temperature,  it  is  possible  to  make  observations  with  the  motor 
at  standstill  or  running  under  no  load  which  will  indicate  closely 
to  the  trained  observ^er  what  may  be  expected  of  the  machine, 
with  reference  to  the  different  characteristics  enumerated.  It 
is  also  true  to  a  degree  that  these  same  observations  give  the 
losses  in  the  various  parts  of  the  motor  and  in  this  way  are  a 
check  on  the  temperature.  This  check  is  more  evident  to  the 
designer,  on  account  of  his  experience  with  the  amount  of  loss 
that  his  various  frames  will  dissipate,  than  it  is  to  the  man  of 
less  experience  who  represents  the  ultimate  user  and  who  is 
endeavoring  to  satisfy  himself  that  the  machine  in  all  respects 
meets  the  specifications  to  which  the  manufacturer  is  working. 
For  this  reason  it  is  desirable  to  load  up  the  motor  to  as  nearly 
exactly  its  normal  operating  condition  as  can  be  reached  and 
make  observations  of  the  temperature  rise  in  the  various  parts. 

In  the  case  of  motor-generator  sets  driven  by  induction 
motors  which  come  through  manufacture  in  pairs,  it  is  possible 
by  the  simple  expedient  of  circulating  the  power  around  through 
all  the  machines,  to  secure  full-load  temperature  tests  on  iowi 
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machines  at  an  expense  merely  of  making  up  from  an  outside 
circuit  an  amount  of  power  represented  by  the  losses  of  the  four 
units.  It  is  also  possible,  in  the  case  of  separate  units  coming 
through  in  pairs,  to  make  a  full-load  run  at  a  reasonable  expense. 
This  may  be  accomplished  in  at  least  two  ways.  The  first  de- 
pends on  the  mechanical  connection  between  the  two  units 
at  the  time  one  is  running  as  a  motor  and  the  other  as  a  generator. 
In  practise  this  is  worked  out  by  belting  the  two  machines  to- 
gether, with  a  pulley  on  the  unit  which  is  to  act  as  a  motor,  slightly 
larger  than  the  pulley  on  the  unit  which  is  to  act  as  a  generator. 
When  the  machines  are  started  u])  and  both  are  connected  to  the 
same  source  of  alternating-current  supjily  there  is  a  tendency  for 
one  machine  to  drive  the  other  slightly  above  synchronism  due  to 
the  difference  in  pulley  diameters.  If  this  difference  has  been 
chosen  or  can  be  adjusted  so  that  it  is  approximately  twice  the 
ftdl-load  slip  of  the  units  when  running  normally,  the  result  will  be 
that  the  combination  will  automatically  divide  this  difference 
on  either  side  of  synchronous  speed  and  one  tv411  run  fully  loaded 
as  a  motor  below  synchronism  and  the  other  fully  loaded  as  an 
asynchronous  generator  above  synchronism.  Since  the  gener- 
ator returns  to  the  circuit  all  the  power  taken  by  the  motor, 
with  the  exception  of  the  full-load  losses  in  both  machines,  this 
method  is  economical.  It  has  the  disadvantage,  practically, 
that  it  is  difficult  to  select  or  adjust  the  pulley  diameters  exactly 
as  they  should  be. 

The  same  result  can  be  accomplished  electrically  by  having 
available  two  sources  of  alternating-current  supply,  which  can 
be  adjusted  so  that  the  frequency  of  one  wU  be  slightly  higher 
than  the  other.  The  two  units  undergoing  test  are  then  di- 
rectly connected  by  some  form  of  i>ositive  coupling  and  the 
motor  unit  is  connected  to  the  current  supi>ly  which  is  to  be  higher 
in  frequency.  The  generator  unit  is  then  connected  to  the 
source  of  lower  frequency,  and  since  it  runs  at  the  same  rev.  per 
min.  as  the  motor,  it  is  really  running  above  synchronous  speed 
as  referred  to  the  circuit  to  which  it  is  electrically  connected. 
The  two  sources  of  external  power  supply  are  then  adjusted  with 
just  the  proper  difference  in  frequency  to  cause  both  the  tested 
units  to  run  under  ftdl-load  conditions,  one  as  a  motor  and 
one  as  an  asynchronous  generator.  As  the  two  sources  of  external 
power  supply  are  presumably  from  a  common  source  still  further 
back,  it  is  possible  to  balance  ui^  xVv^  eorisvimed  and  regen- 
erated energy  so  that  only  the  i>\\\-\o^dL  \o^^^  ol  >()cvft  \.^c»  \xax^ 
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machines  need  be  supplied  externally.  This  method  works  out 
very  satisfactorily  and  is  frequently  employed  in  making  such 
tests. 

Two  units  are  not  always  available,  and  in  that  case,  if  the 
machine  to  be  tested  is  one  of  large  capacity,  it  may  be  dif- 
ficult or  impossible  to  make  a  full-load  test.  The  reasons  for 
this  are  obvious.  The  manufacturer  may  not  have  available 
the  necessary  mechanical  facilities  in  the  way  of  shafting,  bear- 
ings, pulleys,  belts  or  gears  to  line  up  the  motor  so  it  can  be  loaded, 
or  there  may  be  no  suitable  machine  to  serve  as  a  load  for  the 
tested  motor  or  to  drive  the  tested  motor  as  a  generator,  and 

m 

last,  but  by  no  means  to  be  considered  negligible,  the  expense 
of  conducting  such  a  dead  load  test,  from  the  standpoint  of  the 
power  consiuned  alone,  would  be  considerable.  For  example,  a 
imit  of  1000  h.p.  would  have  a  full-load  input  in  the  neighborhood 
of  800  kw.  and  this  load  for  ten  hours  at  one  cent  per  kw-hr. 
would  amount  to  $80.00. 

For  these  practical  reasons  it  is  necessary  in  such  cases  to 
adopt  some  form  of  compromise  test,  which,  while  it  may  not 
give  exactly  the  same  results  as  actual  full  load,  will  give  a  suf- 
ficiently close  approximation  to  judge  the  actual  temperatures 
tmder  operating  conditions  after  installation. 

There  are  a  niunber  of  different  methods  of  accomplishing 
this  result,  of  which  the  following  may  be  mentioned : 

1.  Operating  the  unit  under  test  as  a  motor  on  normal  fre- 
quency but  at  reduced  voltage  and  developing  a  reduced  torque. 

2.  Driving  the  tested  unit  as  an  a-c.  generator  by  a  small 
auxiliary  motor  and  making  compromise  tests  after  the  methods 
followed  on  a-c.  generators.  These  may  consist  of  over-exciting 
one  member  with  direct  current  so  as  to  give  high  iron  losses,  or 
using  a  lower  excitation  with  the  other  member  short-circuited 
so  as  to  give  high  copper  losses. 

3.  Operating  the  tested  unit  as  a  motor  without  load  but  at 
a  voltage  higher  than  normal  in  the  effort  to  increase  the  iron  and 
no-load  copper  losses  to  a  sum  approximating  the  full-load  cop- 
per and  iron  losses. 

4.  Operating  the  tested  imit  as  a  motor  on  a  cycle  where  it  will 
alternately  run  light  for  a  period  at  over- voltage  and  for  another 
period  at  low  voltage  and  a  light  load  sufficient  to  cause  full-load 
or  somewhat  greater  current  to  flow  in  the  windings. 

6.  Connecting  the  tested  unit  to  a  supply  ckcmt  a\.  a  ^Qau>3c^ 
reduced  voltage  and  driving  it  against  its  liormal  dvcecXlvML  dl 
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rotation  by  a  separate  motor.  By  varying  the  voltage  applied 
it  is  possible  to  cause  any  desired  current  to  flow  in  the  windings, 
with  proportionate  heating. 

Considering  these  methods  in  order,  they  will  he  found  to  give 
the  following  results: 

1 .  In  this  case  it  is  j)ossiblc  to  get  full-load  coj  )|)er  losses  but  there 
is  necessarily  only  a  small  j^roportion  of  the  full-load  iron  loss 
present.  The  copper  losses  may  be  increased  to  approximate 
the  iron  loss,  but  the  losses  so  created  are  distributed  differently 
from  those  in  the  normally  operated  and  loaded  machine  and 
the  resulting  temperatures  are  affected  thereby.  Such  tests 
ordinarily  show  the  copper  temperatiu-es  higher  than  normal  and 
the  iron  temperatures  somewhat  lower. 

2.  These  tests  are  similar  in  every  way  to  the  same  tests  con- 
ducted on  a-c.  generators.  As  is  showni  in  Table  V,  in  some 
cases  they  give  results  very  close  to  the  tested  values  under  actual 
load. 

3.  This  method  resembles  method  (1)  in  the  fact  that  the  dis- 
tribution of  losses  is  different  from  the  normal  machine.  This 
test  usually  shows  the  iron  temperatures  too  high  and  the  copper 
temperatures  too  low.  There  is  a  practical  limit  to  the  amount 
the  voltage  may  be  increased,  due  to  the  limits  of  the  insulation. 

4.  This  test,  with  a  proi^er  selection  of  the  i)roportion  of  total 
time  for  the  various  parts  of  the  cycle  and  the  frequency  of  their 
alternation,  can  be  made  to  give  results  very  closely  approxi- 
mating full-load  conditions.  It  is  hardly  safe,  however,  to 
adopt  a  general  cycle  as  applicable  to  all  machines,  on  account  of 
the  varying  proportions  of  copper  and  iron  losses  in  machines  of 
different  characteristics.  Data  on  this  method,  where  available, 
indicate  very  satisfactory  results. 

6.  This  method  has  proved  very  satisfactory  in  a  large  number 
of  instances.  It  is,  however,  open  to  criticism  in  that  it  imposes  on 
the  rotor  core  a  frequency  of  about  twice  the  normal  primary  fre- 
quency. This  does  not  occasion  any  material  error  from  the 
standpoint  of  iron  loss  in  the  rotor  core,  since  the  applied  pri- 
mary voltage  and  the  resulting  densities  are  fairly  low.  It  does, 
however,  occasion  considerably  increased  rotor  copper  losses  due 
to  eddy  currents  caused  by  the  high  secondary  frequency.  As 
shown  in  Tables  I  and  V,  this  is  ordinarily  of  no  consequence 
on  25-cycle  machines.  Tables  II,  III  and  IV  show,  however, 
that  it  may  materially  increase  the  rotor  temperatures  on  60- 
cycle  machines  and  through  these,  the  \.eTO^t^.\Mx^  cii\-V^^hole 


19131 


DUDLEY:     LOAD  TESTS 


687 


machine.  One  of  the  advantages  of  this  method  is  that  it  is  safe, 
i.e.,  it  shows  temperatures  on  test  which  are  higher,  if  any- 
thing, than  they  will  be  under  actual  load  conditions.  It  may, 
therefore,  be  concluded  that,  if  a  machine  has  been  operated  in 
this  way  and  the  temperatures  are  within  sj^ecified  limits,  the 
temperatures  under  normal  operating  conditions  will  be  within 
the  same  limits.  Unfortunately,  the  converse  is  not  equally 
true,  i.e,  a  machine  may  show  under  this  test  temperatures 
which  are  higher  than  the  specified  limits  and  which  under 
actual  load  conditions  may  be  well  inside  these  same  limits. 
But  this  is  a  good  fault  in  any  compromise  method  and  should 
not  detract  from  the  excellent  results  which  follow  generally 
from  its  use. 

As  the  writer's  experience  has  been  more  largely  in  connection 
with  method  (5),  he  offers  in  the  tables  some  typical  examples 
of  tests  conducted  in  this  way.  In  cver>'  case  the  columns 
marked  '*  circulating  current  '*  are  tests  taken  in  this  way,  viz:  a 
ciUTcnt  of  normal  frequency  and  greatly  reduced  voltage  is  ap- 
plied to  the  motor  terminals  and  it  is  driven  against  the  normal 
directign  of  rotation  at  full-load  speed.  The  applied  voltage  is 
then  varied  until  the  desired  current  flows  in  the  windings. 


TABLE  I 

I.NDUCTIUN   MOTOR— PHASE-WOUND  ROTOR 

KatiiiK:     lOOU  h.p..  23  cycles,  three-phase.  2200  volts,  12  poles,  245  rev.  per  min. 

Losses. 

Primary  copper 11 .600  watts 

Secondary  copper 13,800      " 

Core  loss 7,700     • 

Bearing  friction  and  windage 6,400      " 


Total 39.500  watts 

TEMPERATURE   DATA 


Kind  of  load 


Length  of  test  in  hours '  K 

Volts I  2247 

Per  cent  normal  full  -load  amperes '  139 

Rise,  in  deg.  cent.,  stator  core j  31 

■     stator  copper  f thermometer) I  33.5 

"            "        (resistance) i  36 . 5 

•     rotor  copper  (thermometer) L'4  . 5 

I      ■          "            •      (resistance) '  \VA 

"     rulor  core 24 

!  Amperes  per  phase 312 

Air  temperature,  deg.  cent 18 


I  load  driving 

Circulating 

enerator 

current 

1 

2      ;        7* 

8* 

2220 

2240 

360 

170 

150 

139 

40.5 

36.5 

29 

47  5 

39 

38 

48.2 

— 

34 

38  5 

34 

32 

32  6 

35 

34       i       28 

25 

390 

341 

312 

18.5 

16 

21 

\ 


\ 
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TABLE  II 
INDUCTION    MOTOR — PHASE-WOUND     ROTOR 

Rating:     300  h.p..  50  cycles,  three-phase,  550  volts.  16  poles,  367  rev.  per  min. 

Lossts. 

Primary  copper 5050  watts 

Secondary  copper 5050       * 

Core  loss 4900       ■ 

Bearing  friction  and  windage 3200       * 


Total 19.100  watts 

TEMPERATURE  DATA 


Kind  of  load 


Length  of  test  in  hours 

Volts 

Prr  cent  full-load  amperes 

Rise,  stator  core,  deg.  cent 

•  •        copper  (thermometer). 

•  ■  •       (resistance) 

■  rotor         ■       (thermometer), 

■  •  ■       (resistance) 

Amperes  per  phase 

Air  temperature,  deg.  cent 


Actual 
3 

128  ."i 
25 

23.. '> 
30.1 
23.5 
25.2 

373 
20 


Circulating  current 

«> 

l."iK 
128.5 

;<8.5 

36.5 

42 

30  5 

38.5 
372.5 

30.5 


TABLE  HI 
INDUCTION   MOTOR— SQUIRREL-CAGE  ROTOR 

Rating:     300  h.p..  60  cycles,  three-phase,  2200  volts.  6  poles.  1160  rev.  per  min. 

Lossts. 

Primary  copper 4125  watts 

Secondary  copper 7500       * 

Core  loss 9140       ■ 

Bearing  friction  and  windage 4000       * 


Total 24,765  watts 


TEMPERATURE  DATA 


Kind  of  load 

Length  of  test  in  hours 

Volts 

Per  cent  of  full -load  amperes 

Rise  stator  core  deg.  cent 

■  •       copper  (thermometer) , 
•         ■  *       (resistance) 

■  rotor         •       (thermometer). 

Rev.  per  min 

Amperes  per  phase 

Air  temperature,  deg.  cent 


Actual 
belted 

Uh 
2196 
103 

40.5 

25 

.30.6 

26.5 
1160 

71 

23.5 


j  Circulating  current 


," 

326 

129 

29.5 

28 

34.4 

52.5 

1155 

88  8 

!       23 
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TABLE  IV 

INDUCTION  MOTOR— PHASE-WOUND  ROTOR 

Rating:     800  h.p..  60  cycles,  three-phase.  2200  volts.  26  poles.  272  rev.  per  niin. 

Lossts. 

Primary  copper 10,500  watts 

Secondary  copi>er 10.000  ' 

Core  loss 14,000  * 

Bearing  friction  and  windage 7.700  * 


Total 42.000  watts 


TEMPERATURE  DATA 


Kind  of  load 


LfCngth  nf  test  in  hours 

Volts 

Per  cent  full-load  amperes 

Risn.  stator  cj^rc.  deK.  cent 

■  *        copper  (thermom*  ler) 

"  "  "       (resistance) . . . . 

"      rotor  ■       (thermometer) 

*  •  *       (resistance) 

*  *       core 

Amperes  per  phase 

Air  temperature,  deg.  cent 


Actual 

Circulating  current 

7» 

7* 

2260 

4.76 

126 

](12 

42  /"> 

:«6 

:;6  .:• 

:<7 

44.  fi 

41 

.W) 

2K 

4«  6 

24.5 

43  ft 

266 

214 

16.5 

23 

TABLE  V 

INDUCTION  MOTOR— PHASE-WOUND  ROTOR 

Rating:     1600  h.p..  25  cycles,  three-phase.  6400  volts,  6  poles.  492  rev.  per  min. 

Lossti, 

Primary  copper 17,300  watts 

Secondary  copper 18,200        " 

Core  loss 13,200        • 

Bearing  friction  and  windage 18,000        * 

Total 66,700  watts 

TEMPERATURE  DATA 


Kind  of  load 


Actual 


Circulating 
current 


Rotor    excited 

with  d-c.  aiid 

•tator    thort- 

drcuited 


Length  of  test  in  hours 

Volts !  6360 

Per  cent  full-load  amperes ,     102 

Rise,  stator  core,  deg.  cent 

•  *      copper  (thermometer) 

•  •  •        (resistance) . . . 

■  rotor        ■       (thermometer) 

•  ■  ■       (resistance) . . . 

■  •      core 

•  collector 

D<-c.  volts  on  secondary 

D-c.  amj>eres  in  secondary 

Air  temj>erature,  deg.  cent 


5i 

5* 

m 

6300 

02 

130 

24.5 

29.5 

23.5 

31.5 

34.3 

48 

23 

28 

28.5 

35 

19 

20 

22 

22 

21 

23 

6* 
950 
104.8 

18.5 

25 

30 

32.5 

34 

26 

22.5 


23.5 


\ 


7* 

0 
100 
19 
19 
30 
24 

16 

23.6 
43 
487 
21.5 


.5 
5 


\ 


8 

0 

125 

28 

35. 

49. 

37.5 

62 

26 

81 

68 
643 

21 


\ 
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Table  I.  This  is  a  fair  example  of  the  results  of  this  method. 
A  comparison  of  columns  1  and  4,  run  ^\^th  the  same  current  input, 
shows  remarkably  close  results  for  a  compromise  method.  Any 
slight  inaccuracies  which  may  be  noted  are  due  to  using  commer- 
cial test  results  and  to  a  policy  on  the  author's  part  of  avoiding 
carefully  edited  laboratory  readings. 

Table  II.  In  this  machine,  operated  on  50  cycles,  can  be 
noted  the  tendency  for  the  high  rotor  frequency  to  heat  up  I  he 
rotor  and  through  it  the  complete  machine.  It  will  be  noted 
that  the  test  was  at  approximately  28J  per  cent  overload. 

Table  III.  This  test  was  at  60  cycles,  and  while  an  actual  load 
of  103  per  cent  is  compared  with  a  compromise  at  129  per  cent 
it  can  be  seen  that  the  rotor  on  the  compromise  test  ran  at  a 
higher  temperature  than  would  be  the  case  with  the  same  amount 
of  actual  load. 

Table  I V.  This  case  shows  the  extreme  variation  of  the  com- 
promise method  and  was  on  a  machine  where  the  depth  of 
the  rotor  conductors  was  sufficient  to  magnify  considerably  the 
eddy  current  loss  due  to  secondary'  currents  at  a  frequency 
of  approximately  120  cycles. 

Table  V.  This  is  an  interesting  comparison  and  shows  the  re- 
sults of  compromise  tests  made  by  two  methods,  enumerated 
as  (2)  and  (5)  above,  and  the  perfonnance  of  the  same  machine 
under  actual  load.  The  results  of  all  three  tests  were  satisfac- 
tory', but  the  compromise  results  were,  of  course,  secured  with 
considerably  less  effort  and  cxj^cnse  than  was  true  in  the  case  of 
the  actual  load  tests. 

Conclusions 

From  thest*  considerations  arc  drawn  the  following  conclusions: 

1.  That  the  em])loyment  of  a  compromise  method  of  making 
temixirature  mns  on  induction  motors  of  large  capacity  is  in 
many  cases  desirable  and  necessar\'. 

2.  That  the  method  otitlined  above  as  method  (o)  gives  results 
which  are  always  **  safe  "  and  which  arc  in  general  a  close  ap- 
proximation to  the  actual  temperatures. 

3.  That  it  is  desirable  that  the  Standardization  Rules  of  the 
American  Institute  of  Electrical  Engineers  should  recognize 
the  various  methods  of  conducting  such  compromise  tests, 
together  with  their  reliability  and  limitations  as  applied  under 
varying  conditions. 


A  P^Per  presenitd  at  the  Midwinter  Conven- 
tiom  of  the  Amuricam  Institute  of  ^ettrical 
Engineers,  New  Yorh,  February  28,  1913. 

Copyright.  1913.     By  A.  I.  E.  E. 


LOAD  TESTS  ON  TRANvSFORMERS 


BY  J.  J.  K.  MADDEN 


Load  tests  on  transformers  may  be  conducted  in  several  ways, 
all  of  which  arc  intended  to  approximate  as  nearly  as  possible 
the  operating  conditions  of  the  transformers,  so  far  as  tempera- 
ture rise  is  concerned. 

A  run  with  actual  load  might  be  made  by  using  water  rheo- 
stats, but  as  this  would  be  very  expensive,  some  form  of  motor- 
generator  method  is  ordinarily  used,  which  w^ill  give  approxi- 
mately the  same  heating. 

Fig.  1  shows  connections  for  testing  two  similar  single-phase 
transformers  by  the  **  motor-generator  "  method.  The  low- 
voltage  windings  arc  connected  in  multiple,  to  which  normal 
voltage  is  applied.  An  auxiliary  transformer  connected  in  series 
with  the  high-voltage  windings  supplies  the  impedance  losses. 
The  same  method  may  be  used  for  any  even  number  of  trans- 
formers, and  load  and  excitation  may  be  applied  to  the  same  wind- 
ings or  reversed  from  the  order  shown  in  the  illustration.  The 
rated  voltage  of  the  windings  will  determine  the  arrangement. 

Fig.  2  shows  connections  for  testing  three  similar  single-phase 
transformers,  or  one  or  more  three-phase  transformers  if  delta- 
connected. 

Fig.  3  shows  connections  for  testing  two  three-phase  trans- 
formers. The  transformers  may  be  connected  either  delta 
or  Y,  but  some  means  of  regulation  on  the  loading  side  must 
be  included  so  as  to  be  able  to  balance  the  load  current  indepen- 
dently in  each  phase. 

Fig.  4  shows  the  same  connections  as  Fig.  1,  except  tiiaX  VV\^ 
low- voltage  winding  has  several  independent  ciTCViits.   'ExcvtaXKow 
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is  applied  to  one  winding  only,  and  the  loads  are  properly  dis- 
tributed by  inserting  reactance,  if  necessary,  in  the  circuits 
so  as  to  balance  the  loads  carried  by  each  winding. 

Fig.  5  shows  connections  for  testing  two  similar  polyphase 
Scott-connectcd  transformers.  Excitation  and  load  are  applied 
to  the  three-phase  side. 

Fig.  6  shows  connections  for  testing  two  similar  single-phase 
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transforms  s  suitable  for  two-phasc-three-phase  operation. 
Load  and  excitation  are  applied  to  the  windings  used  for  the 
two-phase  side,  while  an  extra  source  of  supply  of  current 
furnishes  the  15  i^er  cent  additional  current  on  the  three-phase 
side.  This  will  give  the  conditions  obtained  when  the  trans- 
formers are  operated  Scott-connccted.  This  method  is  used  on 
transformers  which  do  not  have  the  halves  of  the  two-phase 
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windings  connected  in  multiple.  When  the  halves  are  connected 
in  multiple  both  transformers  should  be  connected  as  mains 
and  should  be  furnished  with  load  current  equal  to  115  per  cent 
of  their  normal  single-phase  rating,  as  in  Fig.  1. 

The  **  motor-generator  "  or  "  opposition  **  method  cannot, 
of  course,  be  employed  when  one  single-phase  transformer  is 
involved,  and  since  the  actual  loading  of  such  a  transformer 
on  water  rheostats  is  not  always  feasible,  it  is  the  idea  of  this 
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paper  to  suggest,  particularly,  methods  to  be  used  on  such  a 
transformer.  These  methods  must  be  such  that  they  do  not 
entail  a  great  loss  of  power  and  yet  approximate  as  nearly  as 
possible  the  operating  conditions  ot  the  transformer. 

These  methods  for  testing  single  transformers  may  be  classed 
as  follows: — 

a.  Intermittent  runs. 

b.  Ultimate  open-circuit  and  short-circuit  runs. 

a.  The  principle  of  the  intermittent  run  will  be  understood 
from  the  following  considerations :  The  average  temperature  rise 
of  oil  depends  upon  the  total  watts  loss  in  the  transformer,  and 
is  independent  of  where  the  loss  takes  place.  Therefore,  if  a  loss 
equal  to  the  total  loss  is  intermittently  placed  in  the  iron  and 
in  the  copper  by  alternating  an  over-voltage  core  loss  run  with 
an  over-current  impedance  run,  the  oil  should  have  a  perfectly 


normal  rise.  The  temperature  of  the  copper,  however,  would 
fluctuate  between  maximum  and  minimum  values  because 
during  the  core  loss  run  the  copper  would  be  cooling  towards 
the  oil  temperature,  and  during  the  impedance  run,  the  copper 
temperature  would  be  rising. 

If,  however,  the  integrated  watt-hour  loss  over  the  complete 
cycle  of  the  intermittent  run  is  equal  to  the  normal  integrated 
copper  loss  for  the  same  time,  the  mean  of  the  maximum  and 
minimum  temperatures  attained  by  the  copper  above  oil  would 
be  equal  to  the  normal  copper  rise  above  oil.  If  the  time  of 
each  cycle  is  made  small  enough,  the  difference  between  the  max- 
imum temperature  rise  and  the  normal  temperature  rise  above 
oil  is  small  enough  to  neglect,  in  which  case  this  maximum  rise 
would  be  taken  as  the  measure  of  the  normal  temperature  rise 
of  the   copper.    Actual   tests   here   given  show  that   if   the 
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periods  are  reduced  to  five  minutes,  the  diflference  between  the 
two  temperatures  is  less  than  the  errors  involved  in  testing. 
Moreover,  the  difference  is  on  the  safe  side,  since  it  always 
will  tend  to  show  temperature  slightly  greater  than  the  normal. 

It  is  also  evident  that  if  in  the  last  cojjper  run  the  time  interval 
were  cut  in  half,  the  maximum  rise  at  the  instant  of  shut-down 
would  be  much  closer  to  the  normal  rise  than  if  the  run  had  been 
continued  for  the  complete  cycle. 

Tests  were  made  in  which  each  run  was  continued  until  the 
top  oil  showed  a  constant  temperature  rise  of  not  more  than 
one  degree  within  two  or  three  hours.  The  run  was  then  stopped 
at  the  end  of  a  cycle  or  half  period  and  the  resistance  of  both 
windings  taken. 

Fig.  7  shows  the  connections  for  testing  one  transformer  by 
the  intermittent  run  method.  Two  oil  switches  are  so  arranged 
that  when  the  one  in  the  core  loss  circuit  is  closed  the  ohe  in  the 
impedance  loss  circuit  is  tripped,  as  is  also  the  short-circuiting 
switch  which  is  in  use  during  the  im-  o.l»*itcm 

pedance  run.     The  impedance  and  short-    \  ~  [    [J  ItTf«1*iToIi*I^ni«i 
circmt  switches  are  combined,  and  inter-    ...^^    L 
locked  with  the  core  loss  switch  so  as  to    '        ^\^tn^*>^romum^ynm 


COM  LOM. 

nrrtRtooK 

OIL  tWITON 


make  it  impossible  to  apply  core  loss 

voltage  without  the  other  switch  first 

,    .  ,  Fig.  / 

being  opened. 

b.  The  second  method,  which  consists  in  taking,  separately, 
ultimate  short-circuit  and  open-circuit  runs,  is  based  on  the 
idea  that  the  temperature  rises  in  windings  and  oil  are 
directly  proportional  to  the  heat  energy  which  is  being  dissi- 
pated. For  example,  if  100  watts  total  loss  causes  the  oil 
to  rise  10  deg.  above  air,  a  total  loss  of  50  watts  should  cause  the 
oil  to  rise  5  deg.  above  a  ir,and  for  the  same  reason,  doubling  the 
loss  in  the  winding  should  double  also  the  temperature  rise  of 
the  winding  above  the  oil  into  which  it  dissipates  its  heat. 

Granting  this  assumption  for  a  moment,  suppose  a  trans- 
former, in  which  the  copper  loss  equals  the  core  loss  under  normal 
load,  attains  an  ultimate  temperature  rise  of  40  deg.  oil  above  air 
and  5  deg.  copper  above  oil.  Under  an  ultimate  core  loss  run,  the 
watts  loss  being  only  half  the  total,  the  oil  rise  should  be  20  deg. 
above  air,  and  the  copper,  being  idle,  would  be  at  oil  temperature. 
Similarly,  an  ultimate  impedance  run  would  give  an  oil  rise  of 
20  deg.  above  air  and  a  copper  rise  of  5  deg.  above  oil.  The 
ultimate  rise  for  either  oil  or  copper  for  a  load  run  is  then  obtained 


19131  MADDEN:    TRANSFORMER   TESTS  695 

by  adding  together  the  two  rises  resulting  respectively,  from  the 
ultimate  short-circuit  and  open-circuit  runs. 

Tests  were  made  to  prove  the  correctness  of  this  hypothesis 
on  25-  and  500-kw.  transfonners,  and  in  both  cases  the  values 
obtained  by  adding  the  temperature  of  the  separate  runs,  gave 
values  considerably  higher  than  the  nonnal  run.  In  both  cases, 
the  sum  of  the  ultimate  oil  rises  obtained  from  the  two  is  about 
5  deg.  greater  than  the  oil  rise  obtained  in  an  opposition  run. 
The  discrepancy  may  be  due  to  the  fact  that  the  ability  of  the 
air  in  contact  with  the  walls  of  the  transfonner  tank  to  cool  the 
transformer  is  not  directly  proportional  to  the  temperature  differ- 
ence between  the  oil  and  the  air,  and  also  that  the  radiation  from 
the  tank  increases  more  rapidly  than  the  temperatiu'e  rise. 

Whatever  may  be  the  explanation,  however,  the  tests  given 
in  Tables  II  and  VI  show  conclusively  that  this  method  does 
not  closely  approximate  the  operating  conditions  of  a  transformer, 
but  the  results  are  always  higher  than  those  obtained  under 
normal  operating  conditions.  This  method  should  be  used, 
therefore,  only  in  cases  where  it  would  not  be  expedient  to  use 
another  method.  These  runs  shown  in  Tables  II  and  VI  were 
continued  imtil  the  top  oil  showed  a  constant  temperature  rise  of 
not  more  than  one  degree  in  two  or  three  hours  of  the  run. 

Table  I  gives  data  of  a  25-kv-a.  transformer  operated  under 
the  following  conditions: 

1.  Motor-generator  method  with  u  similar  transformer. 

2.  Dead  load  on  a  water-box. 

3.  Voltage  (corresponding  to  371  per  cent  of  normal  core  loss  at  25  deg. 
cent.)  for  2}  minutes  and  current  (corresponding  to  150  per  cent  normal 
impedance  loss  at  25  deg.  cent.)  for  7}  minutes. 

4.  Voltage  (corresponding  to  198  per  cent  of  normal  core  loss  at  25 
deg.  cent.)  for  5  minutes  and  current  (corresponding  to  200  per  cent 
normal  impedance  loss  at  25  deg.  cent.)  for  5  minutes. 

5.  Voltage  (corresponding  to  139  per  cent  of  normal  core  loss  at  25 
deg.  cent.)  for  7{  minutes  and  current  (corresponding  to  379  per  cent 
normal  impedance  loss  at  25  deg.  cent.)  for  2i  minutes. 

In  the  above  runs  (3)  (4)  and  (5)  each  cycle  had  a  duration 
of  ten  minutes.  It  will  be  seen  that  the  cyclic  runs  give  results 
within  3  per  cent  of  actual  oj^erating  temperatures. 

Table  II  gives  ultimate  open-circuit  and  short-circuit  runs  on 
the  25-kv-a.  transformer,  in  which  voltage  and  current  corre- 
sponding to  25  deg.  cent,  losses  were  held  as  in  Table  I. 

Table  III  presents  the  data  of  Table  I  and  II  in  a  different  form, 
in  order  to  point  out  the  actual  losses,  core,  copper  and  total, 
held  on  these  tests. 
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Tables  IV  and  V  give  data  of  a  500-kv-a.  transformer,  as 
follows : 

1.  Intermittent  runs  in  which  199  per  cent  of  nor malimpedance  loss 
and  196  per  cent  of  normal  core  loss  were  held  for  periods  of  5,  10.  15,  20 
and  30  minutes.  The  cycle  was  then  reversed,  t.  «.,  core  loss  first,  fol- 
lowed by  impedance  loss. 


TABLE  I 
Rating  H-60-25  1100/2200-110/220 


Cycles  of  run 


Motor- 
generator 
run 

I 


Dead 

load 

run 


Length  of  heat  run — hours. . 
Initial  load  applied. 

Core  loss 

I         Imp.  loss 

!  Rise  of  high-voltage  winding 

deg.  cent 

Rise  of  low- voltage  winding 

deg.  cent 

Oil  rise  deg.  cent 


22 

145.4 
320.5 

41.3 

43.2 
29 


17 

145  4 
320  5 

40.5 

41.2 
29 


Intermittent  rtins 


21  min. 

core  loss 

7|  min. 

imp.  loHS 


24 

539 
479 

41.4 

42.1 
31 


5  min. 
core  loss 

5  min. 
imp.  loss 


20 

i     288 
,     641 


7\  min. 

core  loss 

2|  min. 

imp.  loss 


24 

302 
1212 


39  5 

40.2 
27 


42  1 

43.5 
32 


NoTK. — Normal  core  loss  at  25  deg.  cent.  ■>  145.4  watts. 

Normal  impedance  loss  at  25  deg.  cent.  »  320.5  watts. 
All  losses  based  on  cold  wattmeter  readings. 

Heat  runs  were  made  by  holding  voltage  and  current  constant  throughout  each 
cycle  of  intermittent  runs,  also  on  motor-generator  and  dead-load  runs. 

TABLE  II 
RATING  H-60-25-1 100/2200-1 10/220 


Open-circuit 
run 


Short-circuit 
run 


Length  of  run — hours 

Initial  load  applied. 

Core  loss 

Imp.  loss , 

High-voltage  wind,  rise  in  deg.  cent... 
Low- voltage  wind,  rise  in  deg.  cent.  .  i 
Oil  rise  in  deg.  cent 


10 
145.4 


8.8 
11.2 
9 


18 


320.5 
30.8 
34.4 
24 


See  Note  under  Table  I  regarding  losses. 


In  each  case  the  cycles  were  equally  divided,  ie.,  5  minutes 
impedance  loss  and  5  minutes  core  loss,  etc.  The  percentages 
are  based  on  normal  wattmeter  readings  at  ultimate  full -load 
operating  temperature. 

2.  Motor-generator  method  with  a  similar  transformer. 
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Table  VI  gives  open-circuit  and  short-circuit  ultimate  tempera- 
ture runs  on  the  500-kv-a.  transformer. 

Table  VII  gives  results  of  intermittent  runs  of  10,  30,  and  60- 
minute  cycles,  the  periods  for  each  being  half  this  time.  These 
nms  are  in  all  respects  similar  to  those  of  Table  V,  with  the  ex- 
ception that  the  run  was  cut  off  at  the  middle  point  of  the  im- 

TABLB  III 
RATING  H-60-26-110Q/2200-1 10/220 


Core  Ion 
Imp.  loM 

Core  loss 
Imp.  loss 

Core  loss 
Imp.  loss 

C^ore  loss 

Imp.  loss 

Core  loss 

Imp.  loss 

Core  loss 

I  Imp.  loss     I 

I  I 

■  Core  loss     ! 
Imp.  loss 


c  2t  min. 

C  7j     - 

c 

5  5      • 


c    71     • 
21     • 

Motor - 

generator 

run 

dead 
load 
run 

Opcn- 

circuii 

run 

Short- 
circuit 
run 


Percent 

Per  cent 

total 

normal 

normal 

371 

115.5 

150 

103 

198 

61.8 

200 

137.5 

139 

43.4 

379 

260 

100 

31.2 

100 

68.8 

100 

31.2 

100 

68.8 

100 

31.2 

100 


68.8 


Per  cent 
time 


27.5 
72.5 

50 
50 

72.5 
27.5 

100 

100 

100 

100 

100 


Percent 

total 

energy 

normal 


102 
109 

99 
100 

101 
104 

100 

100 

100 

100 

100 


Cold 

normal 

core  loss 

at  25 
deg.cent 


145  4 


Cold 

normal 
imped* 

ance 
watts  at 
25deg. 

cent. 


.320 


100 


100 


AU  percentages  based  on  25  deg.  cent,  wattmeter  readings. 

Heat  runs  were  made  by  holding  voltage  and  current  constant  through  each  cycle,  also 
for  ultimate  runs. 


pedance  period.     These  results  are  seen  to  be  in  very  close  accord 
with  those  secured  on  the  motor-generator  run. 

Table  VIII  presents  the  data  of  Tables  IV  to  VII  inclusive, 
in  a  different  form  in  order  to  point  out  the  actual  losses,  core, 
copper  and  total,  used  in  these  tests,  in  comparison  with  the 
normal. 


698 


MADDEN:     TRANSFORMER  TESTS 


[Feb.  28 


In  order  to  secure  more  reliable  results,  these  two  types  of 
runs  were  made  on  two  transformers,  differing  widely  both  in 
capacity  and  in  the  proportfoning  of  losses.  While  the  25- 
kv-a.  core  and  copper  losses  are  proportioned  1  to  2.2  respec- 
tively, the  500-kv-a.  losses  arc  approximately  1  to  1.1. 

It  will  be  noted  that  these  tests  were  conducted  on  self -cooled, 
oil-insulated  transformers,  but  there  is  no  apparent  reason  why 
such  runs  would  not  also  be  approximately  correct  for  other  types. 
It  will  be  interesting  to  have  the  assumption  checked  on  other 
types  of  transformers. 

Referring  to  the  intermittent  runs,  it  is  seen  that  in  the  case  of 


TABLE  IV 
RATING  H-60-50(>-I1000-2300 


.')  tnin. 
Cycles  of  run  imp.  loss 

5  min. 
core  loss 

Average  length  of  runs — hrs .  ■  5 
Load  applied. 

Core  loss 6930 

Imp.  loss 6335 

Rise  of  high-voltaKe  winding 

in  deg.  cent 53 .  o 

Rise  of  low-voltage  winding 

in  deg.  cent 48.6 

Rise  of  oil  in  deg.  cent 50 


Intermittent  runs 


10  min. 
imp.  loss 

10  min. 
core  loss 


6 

6930 
6335 


5,}.  9 

48.0 
50 


15  min. 
imp.  loss 

15  min. 
core  loss 


6930 
I  6335 


50.9 

49.5 
50 


20  min. 

30  min. 

imp.  lots 

imp.   loss 

20  min. 

30  min. 

core  loss 

core  loss 

5 

4 

6930 

6930 

6335 

6335 

49.9 

55.4 
50 


48.3 

52.8 
49 


NoTK.--The  rises  are  averages  of  two  or  three  runs. 

Normal  core  loss  at  74  deg.  cent.  *  3540  watts. 
Normal  copper  loss  at  74  deg.  cent.  —  3175  watts. 
All  losses  based  on  hot  wattmeter  readings. 

Heat  runs  were   made   by  holding   wattmeter   readings  constant   throughout 
each  cycle. 


the  25-kv-a.  transfonner,  a  specified  voltage  and  current  were  held 
constant,  while  on  the  500-kv-a.  unit  watts  were  held  constant. 
Excluding  the  question  of  stray  losses,  the  two  methods  agree  in 
applying  the  proper  loss  to  core  and  copper  respectively.  How- 
ever, due  to  the  fact  that  stray  losses  are  affected  by  temperature 
at  a  different  rate  from  the  resistance  losses,  when  ciu^rent  is 
held  constant,  the  proper  value  of  losses  will  not  be  present 
at  ultimate  operating  temperatures.  On  the  other  hand,  due 
to  the  fact  that  stray  losses  increase  at  a  less  rate  than  the 
resistance  loss,  with  increasing  cturent,  when  watts  are  held 
constant,  the  losses  at  ultimate  operating  temperature  are  not 
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TABLE  V 
RATING  H-60-500-1 1000-2300 


Cycles  of  run 


Average  length  of  heat  run 

hours 

Load  mpplied. 

Core  loss 

Imp.  loss 6335 

Rise  of  high-  /citage  winding 

in  deg.  cent 

Rise  of  low -voltage  winding! 

in  deg.  cent 46 . 7 

Rise  of  oil  in  deg.  cent. . . 

Note.— See  Note.  Table  IV. 


Intermittent  runs 

5  min. 

10  min. 

15  min.  1  20  min. 

30  min. 

core  loss 

core  loss 

core  loss    core  loss 

core  loss 

Motor- 

5  min. 

10  min. 

15  min.  ;  20  min. 

30  min. 

generator 

imp.  loss 

imp.  loss 

imp.  loss.  imp.  loss 

imp.  loss 

run 

12 

6 

5              10 

6 

13 

6930 

6930 

6930          6930 

6930 

3540 

6335 

6335 

6335          6335 

6335 

3175 

56.1 

57.1 

57.5          59.4 

62.8 

53.6 

46.7 

52.0 

52.2          54  3 

58.5 

45  0 

50 

50 

50              50 

50 

50 

TABLE  VI 
RATING  H-60-500-11000-2300 


Open-circuit 
run 


Average  length  of  run,  hours 

Load  appligd. 

Core  loss 

Imp.  loss 

j  Rise  of  high-voltage  winding  in  deg. 

j      cent 

Rise  of  low-voltage  winding  in  deg. 

I      cent 

Rise  of  oil  in  deg.  cent 


24 
3540 


Short-circuit 
run 


12 


27.8 

28.2 
31 


3175 

32  5 

34 
25 


Note. — See  Note  under  Table  IV  regarding  losses. 


TABLE  VII 
RATING  H-60-500-1 1000-2300 


Average  length  of  run — hours.. . 
Load  applied . 

Core  loss 

5  min.  core  loss 
5    •      imp.    ■ 

15  min.  core  loss 
15     ■     imp.  ■ 

30  min.  core  loss 
30     ■     imp.  • 

8 

6900 
6340 

50.4 

44  1 
48 

8 

6900 
6340 

52 

44  8 

13 

6900 
6340 

53.9 

46  3 

Imp.  loss 

Riw  of  high- voltage  winding  in 
deg.  cent 

Riw  of  low- voltage  winding  in 
deg.  cent 

Rise  of  oil  in  deg.  cent 

48                               48 

Note  under  Table  IV 

The  above  heat  runs  were  shut  down  and  temperatures,  etc.  measured  at  the  middle 
poiat  of  the  last  impedance  period. 
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distributed  exactly  as  under  normal  conditions,  although  the 
total  may  be  correct.  It  would  appear  that  the  latter  method 
is  the  better  of  the  two,  although  no  serious  errors  will  probably 
result  from  either,  except  possibly  in  the  case  of  transformers 
possessing  very  large  stray  losses. 

The  two  sets  of  runs  will  also  be  seen  to  differ  as  to  the  relative 
duration  of  core  and  copper  periods.  In  the  case  of  the  500-kv-a. 
machine,  the  complete  cycle  was  divided  equally  between  core 
and  copper,  viz.,  double  losses  were  held  for  half  the  cycle  on 
core  and  copper  respectively.  On  the  25-kv-a.  machine,  the 
complete  cycle  was  divided  unequally  between  core  and  copper, 
the  losses  in  each  case  being  inversely  proportional  to  the  time. 
Although,  from  a  general  standpoint,  it  would  be  simpler  and  more 
convenient  to  specify  equal  core  and  copper  periods,  yet  cases 
will  often  arise  where  it  will  be  of  considerable  advantage  to 
increase  either  the  core  or  copper  period,  corresponding  to  either 
high  flux  or  current  densities  in  the  particular  design  in  question. 
This  is  due  not  only  to  possibility  of  abnormal  local  heating,  but 
also  to  possible  errors  introduced,  for  instance,  as  a  high  exciting 
current  on  the  core  loss  period.  In  such  a  case,  it  is  practicable 
to  eliminate  the  error  by  reducing  the  energy  loss  on  copper 
period  by  the  amoimt  held  on  copper  in  core  loss  period.  Sim- 
ilarly, in  case  of  appreciable  core  loss  on  copper  loss  period, 
reduction  in  energy  loss  on  core  period  can  be  made.  The  error 
due  to  high  exciting  cturent  can  also  be  eliminated  by  an  increase 
in  frequency. 

In  the  case  of  the  500-kv-a.  unit,  various  periods  for  the  com- 
plete cycle  from  ten  minutes  to  one  hour  were  tried  out,  all  runs 
giving  fairly  good  results.  Although,  from  the  standpoint 
of  switching,  etc.,  it  is  of  advantage  to  employ  cycles  of  con- 
siderable duration,  care  must  be  taken  not  to  jeopardize  the 
transformer  by  local  heating  in  any  part. 

It  will  be  seen  from  the  tabulated  data  that  more  consistent 
results  were  secured  by  cutting  off  the  load  on  the  last  cycle 
at  the  middle  of  the  copper  period  than  by  cutting  off  at  the  end 
of  the  cycle.  This  is,  of  course,  much  more  correct,  although 
somewhat  in  error  due  to  the  fact  that  the  rate  of  increase  in 
temperature  with  a  given  load  diminishes  with  the  time  the  load 
is  applied.  If  desired,  still  greater  refinement  may  be  secured 
by  making  a  change  to  shorter  cycles,  say  of  ten  minutes,  at  the 
middle  point  of  copper  ])oriod,  when  constant  cyclic  conditions 
have  first  been  reached. 
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Recommendations 

Since  the  *'  motor-generator  "  method  of  making  heal  runs 
which  has  been  universally  used,  is  satisfactory',  this  method  is 
recommended,  whenever  more  than  one  single-phase  transformer 
or  when  one  or  more  three-phase  transfonners  are  available. 

Based  on  the  above  discussion,  and  tests  presented  in  the  at- 
tached tables,  the  following  method  is  recommended  for  obtaining 
as  near  as  possible  the  normal  temperature  rise  under  operating 
conditions   of   one   single-phase   transformer. 

By  suitable  means,  raise  the  transformer  windings  to  estimated 
operating  temperature,  after  which  measure  normal  core  lass 
and  normal  impedance  loss.  Select  such  a  time  for  the  cycle, 
say  thirty  minutes,  as  will  avoid  excessive  local  heating.  Divndc 
the  cycle  into  two  periods,  which  are  inversely  proportional  to 
watts  loss  to  be  held  in  the  respective  periods  Unless 
considerations  such  as  abnormal  exciting  current  (which  can 
usually  be  obviated  by  raising  the  frequency)  prevent,  hold 
total  normal  loss  of  machine  first  on  core  and  then  on  copper. 
Alternate  the  core  and  copper  periods  until  the  temperature  of 
the  cooling  medium  is  constant.  Cut  off  run  at  middle  point  of 
copper  period,  and  record  temperatures  and  resistances.  Closer 
refinement  may  be  obtained  by  reducing  the  length  of  the  cycle 
to,  say,  ten  minutes,  at  the  end  of  the  run  noted  above. 


A  paP«r  Prtsenled  at  lk4  iiidwinUr  Cownen' 
tion  of  the  Amtrican  Institute  of  Electrical 
Engineers,  Nev  York,  February  28.  1913. 

CopyriRht.  1913.    By  A.  I.  E.  E. 


SOURCES  OF  ERROR  IN  TRANSFORMER  TESTS 


BY  W.  M.  MCCONAHEY  AND  C.  FORTESCUE 


In  order  to  obtain  accurate  results  in  making  transformer  tests, 
it  is  necessary  to  make  all  measurements  and  tests  very  carefully, 
and  to  be  able  to  pick  out  and  eliminate  all  errors  or  sources  of 
error.  Some  errors  can  be  avoided,  while  others  are  of  such  a 
nature  that  they  must  necessarily  be  included  in  the  measure- 
ments and  can  be  corrected  later.  Only  those  errors  or  sources 
of  error  that  have  an  appreciable  effect  upon  the  results  should 
be  eliminated,  since  to  include  all  would  be  introducing  laboratory 
methods  into  commercial  testing,  thus  unreasonably  increasing 
the  time  and  cost  of  making  tests  without  securing  any  useful 
results. 

Instruments.  Instruments  shotdd  be  selected  to  give  a  good 
scale  deflection,  as  small  errors  in  observation  give  a  greater 
percentage  error  for  small  deflections  than  for  large.  They 
should  be  calibrated  at  regular  intervals,  and  if  at  any  time  it  is 
suspected  that  they  have  been  subjected  to  abnormal  usage,  their 
calibration  shotdd  be  checked  at  once.  Care  should  be  taken 
that  they  are  not  used  beyond  their  capacities,  as  in  this  way 
the  calibration  may  be  changed,  or  they  may  be  damaged. 

It  is  best  to  avoid  the  use  of  instrument  transformers  wherever 
possible,  but  when  it  is  necessary  to  use  them,  they  should  be 
calibrated  at  the  proixjr  frequency,  with  loads  equivalent  to  the 
instruments  with  which  they  are  to  be  used. 

Instruments  should  be  located  so  as  not  to  be  influenced  by 
stray  fields.  Neglect  of  this  precaution  may,  in  many  cases, 
result  in  the  introduction  of  serious  errors.  Careful  note  should 
be  made  of  the  way  in  which  the  instrument  is  connected  in  the 
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circuit  so  that,  when  necessary,  correction  can  be  made  for  the 
losses  that  occur  within  the  instrument  itself. 

Tests,     Complete  tests  on  transformers  ordinarily  include: 

Ratio, 

Polarity, 

Resistance, 

Iron  loss  and  magnetizing  current, 

Copper  loss  and  impedance, 

Heat  run, 

Over-potential  test, 

Instdation  test. 
Each  of  the  above  tests  will  be  considered  separately. 

Ratio.  There  is  little  difficulty  in  measuring  the  ratio  of  large 
power  transformers.  The  number  of  turns  is  comparatively 
small  and  almost  any  convenient  voltage  may  be  used.  Great 
care,  however,  must  be  used  in  order  to  get  the  correct  ratio  of 
small  high- voltage  transformers,  and  particularly  those  to  be  used 
with  instruments.  With  the  latter  it  is  nccessar^^  that  the  ratio 
be  correct  within  very  narrow  limits  or  the  accuracy  of  the  instru- 
ment readings  will  be  seriously  affected. 

In  measuring  the  ratio  of  small  transformers  with  voltmeters 
in  the  ordinary  way,  it  is  necessary  to  apply  practically  normal 
voltage  in  order  to  secure  accurate  results.  If  only  a  small  per- 
centage of  normal  voltage  be  used,  the  drop  due  to  the  load  of 
the  measuring  instrument  alone  will  introduce  considerable  error. 
The  most  satisfactory  way  of  measuring  the  ratio  of  such  trans- 
formers is  by  paralleling  them  with  standards  of  known  ratio  that 
have  been  specially  designed  with  a  large  number  of  taps  cover- 
ing a  wide  range  with  very  small  steps.  With  a  testing  set  of 
this  kind,  the  ratio  can  be  determined  with  a  close  degree  of  ac- 
curacy. 

Polarity.  The  polarity  of  single-phase  transformers  is  easily 
measured  and  requires  no  six^cial  precautions. 

The  polarity  of  three-phase  transformers  involves  the  rela- 
tions between  the  phase  displacement  and  the  direction  of  the 
voltages  at  the  terminals  of  the  high-tension  and  low-tension 
windings,  and  the  necessary  measurements  should  be  made  to 
determine  these  relations.  This  can  be  best  done  by  connecting 
one  of  the  high-tension  to  one  of  the  low-tension  terminals  and 
impressing  a  convenient  three-phase  voltage  across  either  winding 
and  measuring  all  the  combinations  of  voltages  among  the  six 
terminals.     From  these,  and  a  knowledge  of  the  connections  of 
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the  windings  (whether  delta  or  star),  a  voltage  phase  diagram 
showing  the  polarity  can  be  constructed  easily. 

Resistance.  The  utmost  care  should  be  used  in  measuring 
resistance  in  all  cases  where  it  is  used  as  a  basis  for  determining 
the  temperature  rise.  In  measuring  the  cold  resistance,  it  is 
just  as  important  to  know  the  actual  temperature  of  the  winding 
at  the  time  the  measurement  is  made,  so  as  to  get  a  correct  basis 
from  which  to  calculate  the  temperatiu*e  at  the  end  of  the  heat 
run. 

Where  the  transformer  is  standing  in  the  air,  several  ther- 
mometers should  be  placed  in  close  contact  with  the  coils  at  several 
points  and,  before  making  the  measurement,  time  enough  shoidd 
elapse  so  that  the  temperatiu*e  of  the  coils  will  be  within  a  degree 
or  two  of  that  of  the  surrounding  air.  In  order  to  secure  the 
best  results,  the  measurements  should  be  made  when  the  air  tem- 
perature is  steady,  or  at  least  showing  very  little  fluctuation. 

Where  the  transformer  is  in  oil,  it  should  be  allowed  to  stand 
tmtil  thermometers  show  a  practical  agreement  between  the 
temperature  of  the  windings  and  that  of  the  oil. 

In  making  the  measurements,  the  readings  .should  be  taken  as 
quickly  as  is  consistent  with  accuracy,  and  the  current  should 
be  small  enough  to  avoid  any  appreciable  heating  of  the  windings. 
The  temperature  of  the  windings,  as  shown  by  the  thermometers, 
should  be  carefully  noted  at  the  same  time. 

Resistances  can  be  measured  most  satisfactorily  with  a  Wheat- 
stone  or  a  Kelvin  bridge,  the  former  being  used  for  the  higher, 
and  the  latter  for  the  lower  resistance.  The  resistance  to  be 
measured  is  generally  known  approximately,  so  that  the  bridge 
can  be  set  fairly  close  to  the  correct  point  beforehand,  and  the 
time  taken  in  getting  the  correct  setting,  when  measuring  the 
resistance  at  the  end  of  the  heat  run,  can  be  made  very  short. 

Iron  Loss  and  Magnetizing  Current,  The  iron  loss  is  a  function 
of  the  frequency,  the  voltage  and  the  voltage  wave  form.  The 
frequency  and  voltage  can  be  determined  easily,  but  this  is  not 
true  of  the  wave  form. 

Since  the  iron  loss  may  be  appreciably  decreased  or  increased, 
according  to  whether  the  voltage  wave  form  is  peaked  or  flattened, 
it  is  very  desirable  to  have  some  satisfactory  method  of  getting 
the  proper  correction  to  be  applied  to  the  wattmeter  reading,  so 
that  the  corrected  result  will  be  the  same  as  would  have  been 
secured  if  the  voltage  wave  had  been  of  the  sine  form.  It 
is  possible  to  arrive  at  this  by  taking  an  oscillograph  curve  of 
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the  voltage  wave  when  the  iron  loss  is  being  measured,  and  analy- 
zing and  comparing  it  with  the  true  sine  form.  This  is  a  tedious 
operation,  and  one  not  suitable  for  commercial  testing.  A  very 
satisfactory  way  of  making  the  correction  easily  and  directly  is 
by  using  the  iron  loss  voltmeter.  This  instrument  gives  at  once 
the  necessary  correction  without  any  calculation,  and  is  there- 
fore exceedingly  useful  for  making  iron  loss  measurements. 

If  the  generator  used  in  measimng  the  iron  loss  is  large  enough 
so  that  it  is  only  lightly  loaded,  and  if  its  voltage  wave  closely 
approximates  the  sine  form,  there  will  be  very  little  wave  distor- 
tion, and  the  correction  to  the  wattmeter  reading  will  be  neg- 
ligible. In  order  to  make  sure  of  this,  however,  it  is  best  to 
use  the  iron  loss  voltmeter  in  all  cases. 

In  a  transformer  having  a  large  magnetizing  current,  the  PR 
loss  in  the  winding  during  the  iron  loss  measurement  may  be 
appreciable.  This  loss  is  constant  at  all  loads,  and  may  there- 
fore be  properly  included  in  the  iron  loss. 

Due  to  the  voltage  drop  in  the  primary  winding,  the  induction 
in  the  iron  will  be  slightly  decreased  in  going  from  no  load  to 
full  load,  thus  tending  to  decrease  the  iron  loss  slightly.  On 
the  other  hand,  the  path  of  the  leakage  flux  about  the  windings 
lies  partly  within  the  iron,  and  this  may  tend  to  increase  the  iron 
loss  under  load.  On  the  whole,  the  net  difference  is  negligible, 
and  the  iron  loss  may  be  considered  the  same  at  full  load  as  at 
no  load. 

Copper  Loss  and  Impedance.  In  making  copper  loss  and  im- 
pedance measurements,  care  should  be  taken  to  see  that  the 
frequency  is  correct  and  that  practically  no  increase  takes  place 
in  the  temperature  of  the  windings  during  the  measurement. 

The  frequency  affects  the  eddy  current  loss  in  the  copper,  and 
also  the  reactance,  which  varies  directly  with  it. 

Since  the  copper  loss  varies  with  the  temperature  of  the  wind- 
ings, correct  results  can  only  be  secured  by  maintaining  the 
temperature  at  a  practically  known  value  during  the  measure- 
ment. This  is  secured  by  placing  thermometers  in  close  con- 
tact with  the  windings  and  letting  them  remain  there  until  they 
show  a  steady  temperature,  and  then  taking  the  readings  as 
quickly   as   possible. 

Knowing  the  temperature  of  the  windings  at  the  time  the 
readings  are  taken,  the  copper  loss  for  any  other  temperature 
can  be  calculated  with  very  little  error,  except  where  the  eddy 
current  loss  is  very  large.  In  the  latter  case,  it  is  best  to  take 
the  copper  loss  at  or  near  the  temperatiu^e  desired. 
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Distorted  wave  form  of  e.m.f.  has  very  little  effect  upon  copper 
loss  or  impedance,  unless  the  distortion  is  very  bad. 

Heat  Run.  The  heat  run  is  made  chiefly  to  ascertain  the 
temperatiure  rise  under  given  load  conditions. 

In  getting  the  temperature  rise  by  resistance,  great  care  must 
be  taken  in  making  the  measurements,  cold  and  hot,  as  discussed 
under  *'  Resistance."  Care  must  also  be  used  in  getting  the 
temperattu^  of  the  cooling  medium  or  water. 

For  oil-insulated  water-cooled  transformers,  the  surrounding 
air  has  some  effect  upon  the  cooling,  but  it  may  be  neglected. 
The  temperature  of  the  ingoing  water  is  taken  as  the  basis  for 
calculating  the  temperature  rise.  The  source  of  the  water  supply 
is  generally  such  that  its  temperature  remains  practically  con- 
stant during  the  heat  run,  so  that  the  principal  points  to  be  ob- 
served are  to  see  that  a  thermometer  is  placed  in  the  ingoing 
water;  that  its  readings  are  carefully  recorded  at  regular  inter- 
vals; that  the  flow  of  water  is  kept  constant,  and  that  practically 
an  equal  amoiuit  of  water  flows  through  all  parallel  coils.  At  the 
end  of  the  heat  run,  the  flow  of  water  and  the  power  should  be 
shut  off  at  as  nearly  the  same  instant  as  possible. 

For  air-blast  transformers,  the  temperature  of  the  air  in  the 
pit  is  the  basis  for  calculating  the  temperatiure  rise,  and  it  shoxxld 
be  maintained  at  a  practically  steady  value  during  the  heat  run 
and  particularly  near  the  end.  The  dampers  should  be  adjusted 
to  give  the  proper  flow  of  air,  which  is  generally  such  as  will  show 
a  temperature  rise  of  11  or  12  deg.  in  passing  through  the  trans- 
former. In  shutting  down  at  the  end  of  the  heat  run,  the  air 
blast  and  the  power  should  be  shut  off  at  the  same  instant. 

In  making  a  heat  run  on  an  oil-insulated  self-cooling  trans- 
former, its  temperature  is  determined  by  that  of  the  surrotmding 
air  in  the  room.  The  room  temperature  is  always  a  more  or  less 
variable  quantity  and  hard  to  control,  and  should  therefore  be 
given  careful  attention.  The  room  should  be  well  ventilated, 
but  strong  air  currents  should  be  avoided.  A  steadily  rising  or 
steadily  falling  air  temperature  towards  the  end  of  the  heat  run 
introduces  an  error  into  the  determination  of  the  temperature 
rise  that  is  not  easy  to  eliminate.  A  satisfactory  way  to  correct 
for  the  error  is  to  have  an  unloaded  transformer  standing  nearby 
and  use  the  variation  in  the  resistance  of  its  windings  as  a 
basis  for  the  correction. 

Oil-insulated  self-cooling  transformers,  when  on  heat  run, 
should  be  separated  by  a  space  approximately  equal  to  \Av^^\&\3cv 
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of  the  tanks.  Thermometers  should  be  placed  about  the  trans- 
formers at  a  height  that  can  be  read  conveniently,  and  far  enough 
away  not  to  be  influenced  by  the  radiation  of  the  heat.  This  will 
generally  require  a  distance  of  six  feet  (1.8  m.)  or  more  from  the 
transformers. 

It  has  been  the  rule,  heretofore,  to  make  a  correction  of  one- 
fourth  of  one  per  cent  in  the  temperature  rise,  as  calculated  from 
the  resistance,  for  each  degree  of  variation  of  air  temperature 
from  the  standard  of  25  deg.  Experience,  however,  seems  to 
show  pretty  conclusively  that  this  is  in  error  and  that,  for  all 
practical  purposes,  no  correction  should  be  made. 

Insulation  Test,  Before  making  this  test,  all  the  terminals  of 
the  high-tension  winding,  and  also  all  those  of  the  low-tension 
winding,  should  be  connected  together.  Also,  while  testing 
between  the  high-tension  and  low-tension  or  groimd,  the  low- 
tension  should  be  connected  to  ground.  Otherwise,  in  test- 
ing between  the  high-tension  and  ground,  dangerous  stresses  may 
be  set  up  between  the  low-tension  and  ground  far  in  excess  of  any 
that  may  occur  in  service,  and  a  breakdown  may  result. 

In  making  tests  of  about  50,000  volts  or  more,  a  spark  gap 
should  always  be  used.  Because  of  the  voltage  rises  that  take 
place,  the  ratio  of  primary  to  secondary  voltage  of  the  testing  trans- 
former cannot  be  taken  as  equal  to  the  ratio  of  turns,  so  that, 
without  the  spark  gap,  there  is  no  measure  of  the  actual  testing 
voltage.  A  high  resistance,  sufficient  to  limit  the  flow  of  current 
to  a  smallfamount,  should  be^placed  in  series  with  the  gap. 

Air  bubbles  in  the  oil  about  the  transformer  may  be  a  source 
of  serious  trouble,  and  therefore,  if  there  is  any  indication  of 
their  rising  to  the  surface  of  the  oil,  the  insulation  test  should  not 
be  applied  until  they  cease.  The  test  should  be  made  immediately 
following  the  heat  run,  while  the  transformer  is  warm. 

Over-Potential  Test.  This  should  be  the  last  test  applied. 
With  high-voltage  transformers,  in  particular,  care  should  be 
taken  to  sec  that  all  terminals,  connectors,  etc.,  are  in  proj^er 
place.  The  frequency  used  should  not  be  higher  than  is  neces- 
sary to  keep  the  magnetizing  current  within  reasonable  limits. 

It  is  necessary  in  this  test,  also,  that  there  be  no  indication  of 
air  bubbles  in  the  oil. 
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Discussion  on  Group  III  Papers — (  Methods  of  Testing 
Apparatus  for  Performance).  New  York,  February 
28,  1913. 

(a)    Generators  and  Induction  Motors 

A.  E.  Averrett:  I  would  say  in  rej^ard  to  the  results  in  the 
Collins  and  Holcoml>e  paper,  that  I  made  some  tests  at  the  same 
time,  and  the  results  obtained  with  the  iirst  two  motors  (two 
20-h.p.  motors)  were  somewhat  erratic;  one  of  the  motors 
was  somewhat  unusual,  in  that  the  rotor  had  a  completely  closed 
slot.  We  ran  these  tests  through  in  a  hurry  and  I  believe  the 
results  ought  to  be  discoimted. 

The  50-h.p.  900-rev.  tests  show  remarkably  close  results, 
24  deg.  by  the  actual  load,  and  26  deg.  by  the  approximation 
method.  The  next  test,  the  100-h.p.,  shows  very  close  results, 
24  deg.  by  the  full  load,  and  26  deg.  by  the  approximation  at 
normal  load,  and  at  25  per  cent  overload  it  shows  34  deg.  rise 
by  load  and  approximation. 

The  next  machine,  250-h.p.,  was  a  machine  we  selected  in 
the  test  which  we  were  in  a  hiury  to  ship,  and  we  did  not 
test  it  as  carefiilly  as  it  should  have  been  tested.  Before 
we  used  this  method  at  all,  several  years  ago,  Mr.  Collins  con- 
ducted a  number  of  careful  tests,  nmning  over  six  or  seven 
machines,  and  sufficient  time  was  taken  to  test  them  out  thor- 
oughly. The  agreement  between  the  compromise  tests,  as  we 
called  them — that  is,  the  full-voltage,  no-ciurent  test,  and  the 
full-current,  low-voltage  test — was  very  close,  and  we  thought 
that  it  was  as  safe  as  duplicate  tests  under  approximately 
full-load  conditions.  They  were  remarkably  close,  and  as  a 
result  we  adopted  that  method  for  big  machines. 

This  seems  to  hold  on  a  wide  range  of  machines,  machines 
with  a  high  core  loss  and  low  copper  loss,  or  the  reverse. 

Commenting  on  Mr.  Dudley^s  paper,  the  reverse  rotation 
method;  on  the  first  test  the  normal  rise  was  25  deg.  and  on 
the  circulating  current  method,  the  reverse  rotation  method,  I 
believe  he  calls  it,  it  was  38  deg.  There  is  a  considerable  dis- 
crepancy. That  machine,  probably,  is  a  machine  with  a  small 
core  loss.  It  is  a  woimd  rotor  and  undoubtedly  the  eddy 
losses  in  the  copper  at  double  frequency  must  have  developed 
to  heat  the  machines  up  so  much. 

In  the  next  table  the  reverse  is  the  case,  that  is,  the  core 
loss  is  large;  I  suppose  that  should  be  correct;  they  have  given 
it  different  currents — the  actual  load  temperatiwe  is  quite 
a  little  higher  than  the  circulating.  In  the  next  group  the 
actual  is  a  little  higher  than  the  circtdating.  In  the  table 
which  follows,  the  actual  is  higher  than  the  circulating,  and  it 
seems  to  me,  from  my  own  experience,  that  this  reverse  rotation 
method  will  hold  closely  in  a  machine  where  the  losses  are 
largely  copper,  and  the  core  loss  very  small,  but  in  a  machine 
where  there  are  no  eddies,  and  where  the  core  losses  are  high,  I 
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do  not  see  how  it  can  hold.  It  happens  in  the  average  run  of 
machines  that  the  copper  loss  is  quite  a  little  higher  than  the 
core  loss,  and  undoubtedly  the  double  frequency  in  the  secondary 
teeth,  even  at  low  density,  does  give  enough  additional  loss 
to  approximate  full-load  conditions;  but  I  believe  it  is  only 
applicable  to  a  very  narrow  range  of  machines. 

R.  B.  Williamson:  A  load  obtained  by  means  of  synchronous 
motors  running  idle,  and  operating  the  generator  at  zero  power 
factor,  makes  about  as  satisfactory  a  compromise  test  as  can 
be  obtained. 

In  it  the  conditions  are  worse  than  tmder  actual  load,  because 
the  field  current  is  greater,  but  it  shows  what  the  heating  will 
be  imder  the  worst  possible  conditions.  This  method  can  be 
made  to  approach  actual  conditions  closer  by  using  alternately 
leading  and  lagging  ciurents,  but  this  makes  the  test  more 
complicated. 

Where  this  test  cannot  be  applied,  the  next  best  is  the  open- 
circuit  test  at  such  over-voltage  as  to  make  the  total  losses  in 
the  machine  approximately  equal  to  what  they  would  be  imder 
load.  The  distribution  of  the  losses  is  different,  but  it  gives  a 
test  of  the  field  heating,  and  also  some  idea  as  to  the  core  heat- 
ing imder  actual  load.  A  test  of  this  kind  is  especially  useful 
for  turbo-generators  where  most  of  the  loss  is  in  the  core,  and 
in  windage  and  friction,  and  where  the  stator  copper  losses  are 
comparatively  small.  A  short-circuit  test,  by  itself,  does  not 
show  much,  tuiless  there  happens  to  be  local  heating  due  to 
stray  losses  of  some  kind. 

R.  E.  Hellmund:  With  regard  to  induction  motors,  I  agree 
with  Mr.  Averrett  that  the  method  of  testing  induction  motors 
with  reversed  rotation  can  only  give  results  with  machines 
where  the  core  losses  are  comparatively  low.  However,  the 
large  majority  of  machines  are  of  that  kind,  and  the  test  is  so 
convenient,  as  compared  with  others,  that  I  think  it  should  be 
legalized  within  certain  limitations.  We  have  used  it  a  good 
deal,  and  although  we  know  its  limitations,  we  find  it  a  cheap 
and  convenient  test  for  many  cases.  Altogether,  in  induction 
motors,  any  heat  test  that  takes  principally  into  account  the 
copper  losses  will  be  satisfactory  in  most  cases,  due  to  the  fact 
that  in  all  but  high -speed  machines  the  core  losses  play  a  com- 
paratively small  part  in  the  heating,  except  possibly  in  motors 
with  very  high  speeds.  In  the  ordinary  nm,  the  core  losses  are 
a  small  percentage  of  the  total  losses;  but  not  only  that,  the 
seat  of  the  core  losses  is  in  such  close  contact  with  the  frame 
and  other  large  cooling  parts  that  often  a  doubling  of  the  core 
losses  in  medium-  and  low-speed  machines  can  hardly  be  found 
in  the  heating,  while  any  additional  copper  losses  appear  rather 
rapidly. 

B.  G.  Lanime:  I  will  say  something  on  the  general  subject 
of  testing.  The  manufacturers  of  electrical  apparatus  make  what 
might  l)e  considered  four  different  kinds  of  tests.     In  the  first 
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place,  a  test  is  sometimes  made  which  is  primarily  for  the  purpose 
of  obtaining  data  for  design  purposes.  Such  tests  may  be  made 
on  exceptionally  good  machines  upon  which  the  manufacturer 
wants  special  data.  These  tests  are  of  no  particular  advantage 
to  the  purchaser,  or  to  anyone,  in  fact,  but  the  designer. 

A  second  kind  of  test  is  that  made  by  the  manufacturer's 
engineers,  to  determine  whether  the  machine  meets  a  specified 
guarantee.  A  third  set  of  tests  is  what  might  be  called  a  witness 
test,  to  prove  to  the  customer  that  the  machine  meets  the 
guarantee.  The  second  and  third  kinds  of  tests  should  really 
be  covered  by  one  test,  but,  in  many  cases,  this  apparently 
cannot  be  done,  as  the  test  which  indicates  to  the  designer  that 
the  machine  is  all  right  docs  not  always  appeal  to  the  customer 
as  being  a  satisfactory  test.  A  designing  engineer  and  the 
customer's  engineer  look  at  the  machine  from  two  different 
view-points.  The  designer  judges  the  test  from  his  experience 
with  similar  kinds  of  machines  upon  which  he  has  obtained 
data,  and  he  bases  his  opinion  partly  on  experience.  On  the 
other  hand,  the  witnessing  engineer  wants  full  proof  that  the 
individual  machine  being  tested  meets  the  guarantees,  although 
this  covers  a  lot  of  work  which  has  already  been  carried  out  by 
the  manufacturers  many  times  on  similar  machines.  What 
we  would  like  to  get  is  some  recommended  standard  test  or 
tests  which  would  eliminate  a  lot  of  this  double  testing  and  the 
disagreements  which  naturally  accompany  it. 

A  fourth  class  of  tests  may  be  called  routine  tests.  For 
instance,  if  a  great  nimiber  of  duplicate  machines  are  made,  only 
one  of  these  may  be  tested  completely,  while,  on  the  remainder, 
certain  tests  are  made  which  show  only  certain  characteristic 
data,  which,  compared  with  the  more  complete  test,  indicate 
that  the  machine  is  necessarily  a  practical  duplicate  in  per- 
formance. 

Leo  Schuler:  I  want  to  ask  whether  it  is  the  intention  to 
make  this  equivalent  test  a  part  of  the  Standardization  Rules. 
I  think  that  would  be  rather  dangerous.  There  are  natural 
differences  between  the  results  obtained  by  these  equivalent 
tests  and  by  the  real  load  tests.  I  think,  however,  it  would  be 
a  very  good  thing  for  you  to  make  an  appendix  to  your  Standard- 
ization Rules,  in  which  certain  methods  of  artificially  loading 
machines  and  transformers  are  recommended,  and  in  which 
the  probable  sources  of  error  arc  indicated.  This  would  facilitate 
and  strengthen  the  position  of  the  manufacturer  if  he  could 
show  under  the  authority  of  the  American  Institute  of  Electrical 
Engineers  that  the  probable  error  would  not  be  more  than  such 
and  such  an  amount. 

B.  G.  Lamme:  I  want  to  say  that  Mr.  Schuler's  statement 
represents  exactly  the  attitude  of  the  Revision  Committee  on 
this  subject.  The  committee  wishes  to  recommend,  if  possible, 
certain  tests  as  the  advisable  ones,  and  to  state  the  disadvantages 
and  probable  errors  of  each,  so  that  in  any  test  that  is  specAedi 
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and  carried  out,  it  will  be  known  just  what  errors  are  liable  to 
be  found.  At  the  present  time,  the  difficulty  lies  in  the  fact 
that  there  is  a  continual  disagreement  over  these  errors  in 
testing.  If  the  fact  can  be  brought  out  conspicuously  that 
certain  errors  are  inherent  in  our  methods,  it  would  eliminate 
some  of  our  troubles. 

E.  I.  Chute:  The  simpler  the  method  of  testing  the  more 
accurate  and  consistent  will  be  the  results  obtained.  Results 
that  cannot  readily  be  duplicated  arc  oftentimes  worse  than 
useless,  as  they  may  lead  to  erroneous  conclusions.  The  inter- 
mittent temperature  tests  proposed,  while  very  pretty  in  principle, 
are  quite  difficult  for  a  tester  to  conduct  in  such  a  manner  as  to 
duplicate  results.  Unless  there  is  some  very  decided  advantage 
gained  by  the  suggested  methods,  and  this  seems  contrary  to 
our  experience,  the  zero  power  factor  test  with  over-excited 
field  when  possible,  and  the  circulating  current  test  in  other 
cases,  should  be  recommended. 

Paul  M.  Lincoln:  This  question  of  substitute  tests  or  com- 
promise tests,  is  an  important  one  to  the  manufacturer,  because 
the  tests,  practically  all  of  them,  are  made  in  his  own  shops  where 
the  facilities  for  testing  are  usually  limited  when  it  comes  to 
the  question  of  applying  real  power  to  the  machines.  The 
amoimt  of  power  which  can  be  so  applied  is  limited,  both  on 
accotmt  of  the  fact  that  the  power  may  not  be  available,  and 
also  on  accoimt  of  the  fact  that  the  method  of  application,  such 
as  is  used  in  the  final  installation,  is  not  usually  available  at 
the  time  of  test.  I  am  in  perfect  accord  with  the  opinions  which 
have  been  expressed  to  the  effect  that  the  best  substitute  test 
is  one  where  the  machine  operates  at  zero  jjower  factor.  That 
is  the  best  substitute  test,  and  is  certainly  one  which  will  give 
as  high  temperatures  as  the  machine  will  give  at  any  other  power 
factor  load. 

That  is  all  very  well  for  such  machines  as  the  manufacturer  is 
prepared  to  load  up  in  this  manner,  but  the  modern  machine 
often  goes  beyond  the  ability  of  the  manufacturer  to  supply  the 
apparatus  necessary  for  this  test.  Wlien  we  are  dealing  with 
machines  of  10,000  to  20,000  kv-a.,  most  manufacturers  are 
not  prepared  to  supj^ly  loacling-back  facilities  for  so  large  capac- 
ity, and  therefore  it  becomes  important  to  have  a  test  which 
we  can  substitute  in  place  of  the  zero  power  factor  test,  and  it 
is  the  effort  to  find  such  a  test  that  has  led  to  the  paper  by  Mr. 
Newbury  and  also  the  paper  by  Messrs.  Collins  and  Holcombe. 
The  most  hopeful  line  of  investigation  seems  to  point  to  some 
method  of  alternate  open -circuit  and  short-circuit  operation 
that  will  give  results  in  heating,  equivalent  to  the  actual  load 
test.  The  results  so  far  rei)c)rted  would  indicate  that  the  alter- 
nating cycles  of  short  circuit  and  open  circuit  will  give  a  test 
which  is  sufficienUy  close  to  actual  results  to  make  it  one 
which  may  be  sately  Tetetred  Vo  \\\  omt  ^V^xv<i"a.tdvLation  Rules. 

F.  D.  Newbury:    1  do  xvoV  VvVe  Vo  ^v^^^t^^  nn\\}^  w^  ^O^^-^^j^^, 
Mr.  Lincoln,  but  1  must  lake^  vs^^u^  >N\\V\am*m\vi^  ^\a.\K«v^^\. 


1913]  DISCUSSION  AT  NEW  YORK  715 

that  the  intermittent^  short-circuit  or  open-circuit  test  is  to  be 
placed  next  to  the  zero  power  factor  lagging  test.  In  my  own 
experience  I  have  found  the  direct-current  circulating  test  to 
be  preferable,  for  machines  for  which  it  is  suitable,  to  any  other 
test.  The  only  limitation  to  the  use  of  the  direct-current  cir- 
culating test  is  the  presence  of  solid  material  in  the  rotor.  There 
is,  of  course,  a  field,  which  is  stationary,  with  respect  to  the 
revolving  field,  so  that  any  solid  material  in  the  revolving  part 
will  have  rather  severe  eddy  currents  generated  in  it.  I  think 
that  is  the  explanation  of  the  very  high  rotor  losses  shown  in 
some  of  the  tests  given  by  Messrs.  Collins  and  Holcombe. 
But  that  is  a  limitation  that  is  easily  foreseen,  and  the  effect 
can  be  directly  measured  by  observing  the  input  to  the  driving 
motor  with  the  direct  current  in  the  armature,  and  without  the 
direct  current  in  the  armature,  so  it  is  a  perfectly  safe  test  to  apply. 
You  know  when  you  can  safely  apply  it,  and  when  you  cannot. 
The  objectionable  test  is  the  one  in  which  you  cannot  predict 
abnormal  conditions  and  cannot,  therefore,  interpret  results  when 
you  obtain  them.  The  difficulty  with  the  intermittent  open 
and  short  circuit  test,  I  think,  is  one  that  Mr.  Chute  brought 
out,  which  is  the  difficulty  of  exactly  duplicating  results  and 
the  lack  of  experience,  so  far,  as  to  the  proper  relative  open- 
circuit  voltage  and  short-circuit  ciurent.  In  the  large  generator 
we  tested,  the  core  temperature  was  about  10  deg.  higher  by  the 
intermittent  tCvSt  than  by  other  available  methods — the  circula- 
ting or  zero  power  factor  methods.  That  indicates  that  the 
theoretical  condition  of  equal  losses  is  too  severe  a  condition 
for  that  method  of  test,  or  at  least,  for  certain  generators.  After 
it  has  been  found  that  it  gives  erroneous  results  in  one  generator 
it  raises  the  question  as  to  its  reliability  in  the  next  generator, 
and  prevents  its  adoption  at  least  until  we  have  attained  as 
large  a  number  of  years  of  experience  with  the  method  as  we 
have  with  the  other  methods  of  testing. 

Leo  Schuler:  We  spoke  a  good  deal  yesterday  about  addi- 
tional losses,  or  "  stray  losses  ^'  or  "  load  losses,"  or  whatever 
you  might  call  them.  Several  very  interesting  papers  have 
l)een  presented  upon  this  question,  but,  nevertheless,  no  simple 
and  easy  method  has  been  suggested  for  calculating  these  addi- 
tional losses  for  every  machine,  and  calculating  them  so  as  to 
convince  the  consulting  engineer.  Even  if  Mr.  Lamme  is  going 
to  guess  this  additional  loss,  I  do  not  know  whether  the  con- 
sulting engineers  will  be  convinced  by  that  method.  If  you  make 
an  equivalent  test  of  any  kind  whatever,  it  will  never  be  possible 
to  take  these  additional  losses  into  true  consideration,  because 
you  do  not  know  them,  and  this  will  always  be  a  drawback  in 
these  equivalent  tests. 

A.  J.  Porskievies:  In  two-phase  machines  it  is  not  always 
feasible  to  get  open  delta  direct-current  heat  rims  because 
circuits  may  not  be  arranged  to  provide  for  circulating  currents. 
Also  in  single-circuit  machines  it  may  be  difficult  to  aifange  for 
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drculating  ciurents,  both  from  electrical  and  mechanical  stand- 
points. There  are  enough  two-phase  machines  in  demand  to 
give  this  consideration  some  weight. 

Carefully  made  open-  and  short-circuit  heat  runs  ought  to 
give  reliable  results  provided  the  equipment  does  not  permit 
of  the  circulating  method. 

F.  D.  Newbury:  The  point  in  regard  to  two-phase  and  three- 
phase  generators  is  taken  care  of  in  either  the  zero  power  factor 
test  or  the  direct-ciurent  circulating  test.  Of  com"se,  the  method 
of  test  is  more  familiar  to  us  in  the  case  of  three-phase  machines, 
because  all  large  machines  at  the  present  time  are  three-phase. 
The  only  condition  necessary  for  the  application  of  the  direct- 
current  circulating  test  is  that  you  can  form  a  closed  circuit,  and 
open  this  at  a  point  at  which  the  voltage  is  zero,  for  the  introduc- 
tion of  the  direct  ciurent.  This  can  be  done  with  a  rectangular 
connection  in  a  two-phase  generator  as  well  as  with  delta  con- 
nection in  the  three-phase,  so  that  the  direct-current  method  is 
just  as  applicable  to  two-phase  as  three-phase. 

As  to  the  point  brought  out  by  Mr.  Schuler,  in  regard  to  the 
stray  losses;  while  we  cannot  measure  these  stray  losses,  some 
of  these  methods  do  take  them  into  consideration.  In  the  zero 
power  factor  method  all  of  the  stray  losses  are  present,  except 
the  difference  due  to  the  different  flux  distortion  at  zero  power 
factor  and  operating  power  factor.  Of  course,  the  distortion  is 
less — strictly  speaking,  there  is  no  distortion  at  absolute  zero 
power  factor.  In  some  generators,  notably  some  low-speed 
engine  type  generators,  we  can  obtain  higher  temperatures 
on  energy  load  than  at  zero  power  factor. 

Leo  Schuler:  I  do  not  consider  the  zero  power  factor  method 
an  equivalent.     I  think  it  is  the  real  method. 

F.  D.  Newbury.    I  have  no  comment,  then. 

Alexander  Gray:  Regarding  the  direct-current  circtdating 
test;  I  used  to  think  it  was  a  very  good  one  until  I  came  across 
a  machine  recently  which  on  the  test  floor  had  a  temperature 
rise  of  40  deg.  cent.,  but,  when  put  in  operation,  got  so  hot  in 
the  center  that  the  machine  had  to  be  rewound.  It  so  happened 
that  the  design  was  faulty,  because  the  machine  had  deep  con- 
ductors and  a  core  32  in.  (81 .  28  cm.)  long,  and  the  direct-current 
circulating  power  test  did  not  disclose  the  eddy  current  losses 
or  the  hot  spots  in  the  machine.  It  is  for  such  large  machines 
that  we  want  an  equivalent  test.  Moderate  size  machines  can 
be  tested  by  the  zero  power  factor  method,  but  large  waterwheel 
and  turbine  units  take  a  large  amount  of  current  from  the  power 
house,  and  must  be  tested  by  some  other  method. 

B.  A.  Behrend:  A  very  convenient  test  in  connection  with  the 
testing  of  multipolar  alternating-current  generators  was  sug- 
gested by  me  ten  years  ago.  It  consists  in  the  division  of  the 
field  circuit  into  two  circuits  of  equal  number  of  poles.  Hundreds 
of  these  tests  have  been  made  on  machines  of  all  sizes  ranging  from 
50  kw.  to  5000  kw.,  and  they  have  been  satisfactory.     The 
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method  has  been  termed  the  "  split-field  method/'  and  it  is 
fully  described  in  a  paper  read  before  the  International  Electrical 
Congress  at  St.  Louis  in  1904.  It  is  entirely  practicable.  For 
instance,  you  can  take  a  machine  like  the  40-pole  Manhattan 
generators,  and,  by  tapping  the  field  circuit  in  one  point,  and 
passing  different  ciurents  through  the  two  field  circuits,  you  can 
obtain  a  zero  power  factor  load  on  that  machine.  The  heating 
is  very  nearly  the  same  as  luider  zero  power  factor.  The  method 
eliminates  mechanical,  vibration,  as  the  armature  reaction 
balances  the  strength  of  the  magnetic  poles.  The  regulation 
corresponds  to  a  power  factor  of  zero.  The  chief  objection  to  all 
equivalent  tests  lies  in  the  proper  adjustment  of  the  field  exci- 
tation. If  you  want  to  use  the  direct-current  circulating  test 
you  have  to  know  what  field  excitation  to  use.  If  you  want  to 
use  an  intermittent  test,  a  core  loss  test  alternating  with  a  short- 
circuit  test,  you  must  also  know  what  short-circuit  current  and 
what  excitation  to  use  in  both  tests,  and  in  order  to  know  that, 
you  require  a  knowledge  of  the  zero  power  factor  regulation,  and 
a  method  for  deducing  from  this  zero  power  factor  the  regulation 
at  other  power  factors  tmdcr  which  you  desire  to  make  the 
equivalent  test.  With  all  these  difficulties  before  you,  I  think 
you  will  agree  with  the  chairman  in  his  statement  that  it  would 
be  unwise  to  embody  equivalent  test  rules  in  the  Standardization 
Rules,  because  it  would  open  up  all  doors  to  discussion  and  dis- 
agreement. I  fear  that  in  order  to  accomplish  anything  you 
will  have  to  adopt  Mr.  Lamme's  method,  which  I  consider, 
personally,  an  ideal  method,  viz.,  the  method  of  guessing,  as  I 
can  guess  a  great  deal  better  than  most  people  can  test,  and  so 
can  Mr.  Lamme,  but  we  have  difficulty  in  making  others  believe 
that  we  can  do  it. 

R.  B.  Williamson:  I  believe  that  the  short-circuit  loss  curve 
is  the  best  indication  we  have  of  the  various  stray  losses.  These 
stray  losses  are  due  to  a  number  of  different  effects,  such  as 
eddy  currents  in  conductors  and  currents  set  up  in  tmlaminated 
parts,  particularly  of  enclosed  machines,  such  as  turbo-gener- 
ators. Mr.  Lamme  brought  up  the  point  of  the  stray  loss  also 
bearing  a  relation  to  the  core  loss.  If  a  machine  has  a  poor  core 
and  a  high  open-circuit  core  loss  it  will  be  reflected  in  the  short- 
circuit  core  loss  curve.  That  is,  a  machine  with  a  bad  open- 
circuit  core  loss  will  also  show  a  bad  short-circuit  core  loss. 
The  short-circuit  core  loss  curve  thus  takes  account  of  nearly 
all  of  these  items  entering  into  the  stray  loss,  and  as  shown  by 
Mr.  Foster,  the  total  short-circuit  core  loss  checked  up  very 
closely  with  the  measured  stray  loss. 

In  most  open  machines  the  stray  loss  is  small  if  the  machine 
is  properly  designed,  and  in  machines  where  it  is  sometimes 
considerable,  such  as  in  turbo-generators,  it  can  be  easily  shown 
that  part  of  it  exists  in  certain  parts  of  the  casing.  It  seems  to 
me  that  if  such  losses  are  shown  by  the  short-circuit  loss  curve 
they  must  be  present  on  regular  load.    I  would  therefore  be  in 
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favor  of  taking  the  whole  of  the  short-circuit  core  loss  in  estima- 
ting efficiency  as  being  nearer  the  truth  than  the  one-third  part 
as  recommended  at  present  by  the  Rules. 

F.  D.  Newbury:  No  method  of  loading,  as  such,  will  in  itself 
bring  out  the  internal  heating;  that  must  be  secured  by  better 
methods  of  temperature  measiwement.  I  have  had  very  deeply 
impressed  on  my  mind  this  fact  in  connection  with  some  large 
generators  which  were  tested  by  the  zero  power  factor  method. 
They  came  through  finely,  and  everybody  thought  they  were 
good  machines,  and  yet,  when  some  of  the  coils  were  taken  out, 
in  order  to  ship  the  stator  in  halves,  the  interiors  of  some  of  the 
coils  were  found  to  be  very  seriously  damaged  by  heat,  so  much 
so  that  the  generators  had  to  be  rewoimd;  and,  to  bring  out  a 
point  mentioned  by  Mr.  Wilson,  a  comparison  of  the  short-cir- 
cuit loss  before  they  were  rewoimd  and  sifter  they  were  rewotmd 
did  not  indicate  any  material  difference.  It  was  simply  a  case 
where  the  armature  conductors  were  supposed  to  have  been 
laminated  and  insulated  from  each  other,  but  in  a  few  coils  the 
insulation  was  defective.  Certainly  that  cannot  be  detected  by 
a  method  of  loading,  or  in  all  cases  by  a  method  of  temperature 
measiwement. 

H.  M.  Hobart:  In  substitute  methods,  one  wants  to  get 
as  nearly  as  possible  to  the  same  heating  in  each  principal  part 
of  the  machine  as  one  gets  when  the  machine  is  in  regular  service 
and  it  is  carrying  its  rated  load.  One  wants  the  same  number  of 
heat  imits  per  hour,  or  half  hour,  or  ten  minutes,  developed  in 
each  part  as  imder  the  conditions  of  rated  load.  By  the  inter- 
mittent open-circuit  and  short-circuit  method  you  get  exactly 
that,  provided  you  make  each  cycle  of  operations  occupy  a 
sufficiently  small  number  of  minutes.  In  very  large  machines 
it  is  generally  arranged  to  have  the  complete  cycle  of  operations 
occupy  fifteen  or  twenty  minutes.  But  you  can  take  even 
greater  intervals  and  taper  them  off  toward  the  end  of  the  run 
into  very  short  periods.  In  any  case,  I  cannot  see  that  there  is 
any  flaw  whatsoever  in  this  method,  except  that  alluded  to  by 
Mr.  Schuler  and  others,  that  there  is  a  little  uncertainty  about 
the  flux  distortion  under  the  different  conditions,  and  that  diffi- 
culty is  met  in  all  the  other  methods  and  sometimes  to  a 
much  greater  extent  than  in  this  method. 

If  in  any  case  there  is  any  startling  discrepancy  between  the 
results  obtained  by  this  intermittent  method  and  by  any  other 
method,  the  suspicion  lies  on  the  other  method.  However,  the 
intermittent  method  has  the  disadvantage  of  requiring  the 
expenditure  of  mental  effort  in  planning  the  test  in  advance  and 
this  has  usually  served  to  bring  it  into  disfavor.  But  certainly 
the  time  of  an  engineer  is  well  spent  in  mapping  out  the  scheme 
on  paper,  and  ascertaining  the  appropriate  conditions  for  the  test. 
As  an  ultimate  standard  I  cannot  conceive  of  anything  better 
than  this  test,  where  the  power  available  is  limited. 

I  do  not  believe  that  the  difficulties  of  carrying  out  this  test 
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are  nearly  so  great  as  is  at  present  thought;  it  is  simply  lack  of 
experience  and  chronic  aversion  to  anything  new.  I  believe  it 
only  requires  time  for  this  scheme  of  testing  to  win  out  on  its 
merits,  but  it  seems  to  me  a  pity  to  wait  for  several  years,  for 
the  natural  process  of  evolution  to  bring  this  method  to  the 
front.  When  it  was  first  brought  to  the  attention  of  engineers, 
there  was  a  great  deal  said  about  the  loss  of  time  in  switching 
over  from  one  connection  to  the  other.  That  can  be  done  practi- 
cally instantaneously,  as  is  now  generally  admitted.  All  sorts 
of  other  objections  were  brought  forward,  but  now  it  seems  to 
me  the  only  one  on  which  engineers  fall  back,  is  the  fussiness  of 
making  these  preliminary  calculations,  and  this  objection,  it 
seems  to  me,  is  magnified  unduly.  I  trust  that  careful  considera- 
tion will  be  given  to  the  merits  of  the  alternate  short-circuit  and 
open-circuit  tests. 

Leo  Schuler:  I  wish  to  endorse  fully  the  recommendation 
which  Mr.  Hobart  made  with  regard  to  his  method.  It  is 
certainly  a  very  excellent,  and  at  the  same  time  a  very  con- 
venient method,  and  I  can  say  that  this  method  has  been 
applied  to  a  great  extent,  in  the  works  with  which  I  was  con- 
nected. As,  however,  the  short-circuit  losses  are  fully  taken  into 
accotmt  by  the  Hobart,  test  the  temperature  measiwed  in  this 
way  will  be  somewhat  higher  than  that  which  could  be  expected 
in  the  real  load  run;  this  is,  of  coiwse,  all  right  for  the  shop 
test,  but  you  must  distinguish  between  the  shop  test  and  the 
official  test,  and  if  you  have  not  much  margin  on  the  temperature 
allowed,  then  you  would  naturally  hesitate  to  make  this  Hobart 
test  as  an  official  test. 

Stuart  L.  Henderson:  The  intermittent  short-circuit  and 
open-circuit  test  does  not  work  out  very  well  from  a  practical 
standpoint  on  large  machines,  and  it  is  on  this  type  that  the 
test  should  have  its  greatest  application.  The  chief  difficulty 
is  to  get  reliable  temperatures.  During  the  time  the  machine  is 
on  short  circuit  the  iron  temperatures  decrease  and  when  on 
open  circuit  the  copper  temperatures  decrease.  This  necessi- 
tates cutting  down  the  time  of  the  cycle  towards  the  end  of  run 
to  obtain  uniform  temix^ratures,  ancl  consequently  a  man  does 
not  have  time  to  get  around  to  read  all  the  temperatures  before 
the  cycle  is  changed.  This  practically  means  putting  a  man  on 
each  thermometer  to  obtain  satisfactory  results. 

J.  J.  K.  Madden:  The  switching  arrangement  is  not  as 
difficult  as  would  at  first  appear.  Tests  were  made  on  a  500-kv-a. 
unit  by  the  use  of  two  interconnected  switches,  but  it  was  im- 
necessary  to  adjust  the  field  ciurent  when  applied. 

Charles  P.  Steinmetz:  In  considering  the  tests  by  alternate 
short  circuit  and  open  circuit,  we  must  realize  one  featiwe.  In 
all  other  tests  it  is  always  necessary  to  make  a  correction  for 
the  field  excitation,  which  is  higher  or  lower  than  that  for  full 
load.  We  alternate  over- voltage  runs  at  open  circuit,  with  over- 
current  runs  at  short  circuit.    Thus  we  have  two  indepeudeat* 
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vanaJyjes,  and  we  are  enar^ei  'o  so  sekct  the  o^ner-vohage,  the 
over-ctsrrerr. .  and  the  tiirie  iserad  tea*  rsot  cciv  the  total  losses  dnr- 
tng  ea/i-h  cycie  are  eqv2l  to  tbe  fn!!-kiG^  k«S€S-  bat  aisD  the  total 
lo«ase<  m  the  feld  are  identical  whfc  the  tan4Qad  losses.  Con- 
seqtifjT.tl*'  yoc  can  obtain  the  correct  Sdd  heating  as  wrfl  as 
the  correct  armature  heatine.  This  test  seems  to  me  to  have 
considerabie  merit,  and  is  often  the  ociv  oractical  test  avaOaMe. 
In  regard  to  the  alleged  ccn:p4eiit7  cf  switching  over  to  change 
open  circint  to  shcrt  circmt,  and  vice-versa,  that  requires  two 
short-ctrcmting  switches,  one  across  the  armature  and  one 
across  the  rheostat  in  series  with  the  field.  To  operate  two 
switches  is  not  a  verv-  comt>Hcated  matter.  Yon  will  not 
have  to  aditist  the  field  or  eflfect  anv  other  adinstments.  These 
adjustments  are  made  befcTe  starting  the  test-  We  thns 
stc-  that  the  switching  operations  are  extremely  sim|de.  But 
whether  the  test  is  generally  apphcable  or  not,  depends  en- 
tirely on  ftnther  investigation.  There  is  a  possibility  that  you 
cannot  adjust  the  two  independent  variables  at  the  values 
necessar>'  to  obtairJng  the  correct  heating  by  this  land  of  test. 
It  may  be  that  the  excitation  required  in  order  to  circu- 
late the  appropriate  armature  current  on  short  circuit  will  give 
you  a  higher  field  heating  than,  taken  in  conjtmction  with  the 
excitation  on  open  circuit,  corresponds  to  the  same  total  heat 
per  cycle  of  operations  with  normal  load  excitation.  There  are 
several  limitations  which  have  not  yet  been  fully  investigated; 
for  a  general  meth^^x!,  this  test  has  merits  which  require  careful 
Cfinsvh  ration. 

F.  D.  Newbury:  There  was  one  p<jint  mentioned  by  Mr. 
Steinmetz,  which  was  illustrated  in  the  case  of  a  machme  we 
tested.  In  order  to  diWde  the  loads  between  open  circuit  and 
short  circuit,  so  that  the  total  losses  on  test  at  any  given  instant 
would  be  equal  to  the  total  loss  on  energ>^  load  and  also  that  the 
watt-hours  would  be  equal  to  the  watt-hours  in  a  test  under 
actual  operation,  we  found  that  the  field  losses  dtuing  the  test 
were  30. 65  kw.  per  hotir.  The  same  losses  at  100  p>er  cent  power 
factor  and  full  load  were  19  kw.,  and  under  zero  power  factor, 
46.5  kw.,  that  is,  during  the  intermittent  loss  the  field  loss  was 
intermediate  between  what  it  would  have  been  at  100  per  cent 
pr;wer  factor  and  at  zero.  In  the  test  we  made,  I  added  all  the 
short-circuit  losses  and  the  P  losses,  which  may  account  for  the 
highcT  temfKTatures  we  obtained.  But  that  brings  up  the  point 
that  the  methcxl  requires  some  experience  in  order  to  determine 
the  proper  conditions  so  that  the  test  results  will  check  with 
actual  load.  That  same  disadvantage  is  present  in  all  tests, 
except  to  a  very  minor  degree  in  the  zero  power  factor  test,  and 
in  the  zcto  power  factor  test  it  is  a  condition  which  can  be 
corrected    for   with    full    knowledge. 

H.  M.  Hobart:  In  connection  with  a  lot  of  machines  which 
I  examined,  it  was  impossible  to  get  the  field  loss  rij^ht,  when  the 
other  two  losses  were  right,  but  the  field  loss  was  not  nearly  so 
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far  out  as  in  the  zero  power  factor  test.  If  the  field  heating  is 
perhaps  10  per  cent  higher  than  under  normal  conditions,  it 
does  not  seem  to  me  it  is  vital,  you  can  easily  correct  it,  whereas 
you  cannot  make  a  reasonable  correction  of  what  the  field 
temperatiu^e  would  be  in  actual  practise,  when  it  has  been  tre- 
mendously over-excited  as  in  the  zero  power  factor  test. 

During  the  short-circuit  period  the  loss  can  be  different  from 
what  it  is  diuing  the  open-circuit  period,  so  long  as  the  loss  in 
each  part,  in  the  course  of  a  definite  period  of  time,  say  one  hour, 
is  the  same  as  in  actual  practise.  It  may  be  of  interest  to  state 
that  this  intermittent  open  circuit  and  short  circuit  method  of 
testing  alternators  is  not  new,  but  was  described  by  Mr.  Franklin 
Pimga  and  myself  in  the  Electrical  World  for  April  22,  1905. 
I  have  again  drawn  attention  to  it  in  an  article  entitled  **  A 
Method  for  Testing  the  Heating  of  Large  Alternators  "  in  the 
General  Electric  Review  for  November,  1911.  In  1905 1  employed 
the  method  in  testing  some  large  three-phase  generators. 

Alexander  Gray:  It  seems  to  be  my  misfortune  always  to 
get  erratic  results.  In  testing  induction  motors,  it  is  very 
important  to  notice  whether  there  is  a  pulley  on  or  not.  I  remem- 
ber particularly  a  small  20-h.p.  motor,  running  at  1800  rev.  per 
min.,  which  was  supposed  to  drive  looms  by  means  of  foiu*  belts 
and  two  pulleys.  A  motor  at  that  speed  is,  of  coiu^se,  a  small 
dumpy  machine  and  rather  long.  That  machine,  tested  with  a 
pulley,  rose  42  deg.;  tested  with  two  pulleys,  one  on  each  side 
of  the  machine,  it  rose  28  deg.  cent.  I  could  guarantee  that  the 
machine  if  direct-connected  so  as  to  operate  without'  pulleys 
would  have  a  temperature  rise  of  50  deg.  I  want  to  offer  the 
suggestion  that  motors  should  be  tested,  as  far  as  possible,  under 
conditions  under  which  they  are  going  to  be  run. 

W.  J.  Foster:  What  occurred  to  me  at  first,  at  the  mention 
of  the  pulley,  is  something  I  have  seen  in  a  great  many  machines, 
and  this  is  a  movement  of  the  air  axially,  a  movement  caused  by 
a  mechanical  connection  simply,  a  thing  even  more  simple  than  a 
pulley,  and  where  the  rise  in  temperature  in  the  machine  is  due 
to  the  fact  that  that  small  influence  overcomes  the  natural 
radial  movement  that  would  exist  arid  causes  a  totally  different 
flow  of  air,  an  axial  movement.  Undoubtedly  many  of  you 
have  nm  across  this  trouble.  Therefore,  when  Mr.  Gray  men- 
tioned placing  the  two  pulleys  on  the  machine,  it  seemed  to  me 
that  he  then  had  the  motor  in  approximately  the  same  condi- 
tion it  would  be  without  any  pulleys  whatever.  This  may  not 
have  been  the  explanation  in  that  particular  case,  but  in  certain 
cases  I  have  known,  it  has  been  the  cause  of  high  temperatures. 
Alexander  Gray:  I  want  to  confirm  Mr.  Foster's  remarks 
about  alternators.  An  alternator  is  generally  put  on  a  heat  nm 
during  the  night  and  temperatures  are  taken  in  the  morning. 
It  is  often  found  that  when  the  men  come  in  at  seven  o'clock  in 
the  morning  and  open  the  door,  the  method  of  ventilation  of  the 
alternator  is  completely  changed,  and  the  temperatures  also 
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change,  so  that  it  is  always  advisable  to  take  temperatures  before 
the  men  come  in.  As  to  the  effect  of  a  belt,  the  effect  might  be  as 
follows:  In  a  long  machine  the  stator  coils  stick  out  beyond  the 
core  for  a  considerable  distance  and  the  tendency  is  for  the  cooling 
air  to  strike  the  coils  and  be  drawn  back  into  the  rotor  again,  and 
so  become  hotter  and  hotter.  The  action  of  the  belt  creates  the 
same  kind  of  pressure  on  one  side  of  the  pulley  and  a  suction  on 
the  other,  and  tends  to  draw  the  hot  air  out. 

S.  S.  Seyfert:  I  would  like  to  make  a  suggestion  regarding  the 
loading  of  alternators.  It  seems  possible  to  subject  a  machine  to 
normal  current  and  voltage  conditions  without  inciuring  the 
difficulties  encountered  in  the  methods  discussed. 

I  was  thinking  of  a  method  similar  to  the  so-called  piunp-back 
test  on  transformers.  Normal  voltage  conditions  may  be 
obtained  by  nmning  the  machine  at  the  proper  speed  and  excita- 
tion and  normal  armatiu^e  current  conditions,  by  impressing 
across  the  phases,  properly  connected  in  series,  a  reduced  voltage 
of  approximately  normal  frequency.  The  armature  currents 
would  have  no  resultant  motor  or  generator  action.  The  prime 
mover  would  supply  core  and  friction  loss,  and  the  reduced 
voltage  source  would  supply  the  armature  copper  loss.  The 
increased  heating  developed  when  direct  current  is  used  on  the 
opened  delta  should  not  occur. 

In  case  the  armature  phases  could  not  be  opened  so  as  to  be 
properly  connected,  a  bank  of  transformers,  equivalent  in 
capacity  to  the  largest  unit  tested,  would  be  required. 

Edgar  Knowlton:  Open  Delta  Method.  This  test  has  given 
very  erroneous  results  when  the  three-phase  armature  winding 
had  a  pitch  differing  from  f  and  the  field  was  of  the  laminated 
cylindrical  type.  In  several  tests  the  temperature  rise  of  the 
rotor  winding  was  about  100  i>cr  cent,  and  of  the  armature  wind- 
ing about  20  per  cent,  greater  than  that  obtained  under  full  load 
conditions.  A  solid  cylindrical  field  would  doubtless  cause  still 
greater  temi)erature  rises. 

C.  J.  Fechheimer  (communicated  after  adjournment) :  The  zero 
power  factor  method  of  making  lieat  runs  on  alternating-current 
generators  is  in  general  the  most  (lesiral)le  one,  ])rovided  the 
necessary  equipment  is  available.  Although  this  metliod  may 
give  slightly  pessimistic  results  in  regard  to  temperature,  espec- 
ially that  of  the  field  coils,  it  should  be  remembered  that  it  is 
difficult  to  predict  the  power  factor  of  a  system.  The  effect  of 
lagging  currents  of  lightly  loaded  induction  motors  upon  reducing 
the  power  factor  is  seldom  appreciated.  Even  though  generators 
be  sold  for  80  per  cent  power  factor,  it  is  well  to  give  the  customer 
the  benefit  of  every  doubt  and  test  his  machines  at  zero  power 
factor.  If  desirable,  we  can  easily  determine  what  the  rotor 
temperature  will  be,  by  taking  this  to  vary  as  the  square  of  the 
field  currents. 

When  it  is  impossible  to  test  synchronous  machines  at  zero 
power  factor,  compromise  heat  runs  should  be  made  instead. 
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Among  these  is  the  direct-cturent  open  delta  heat  run,  which 
gives  resxilts  closely  approximating  those  which  would  obtain 
in  regard  to  stator  temperature  when  the  corresponding  load  is 
applied.  With  this  method  the  losses  in  the  pole  shoes  with 
attendant  rise  in  temperature  are  not  nearly  so  serious  a  matter 
as  might  appear  at  first  thought,  as  the  magnetomotive  force 
required  for  the  air  gap  is  generally  so  great  that  the  ampere- 
turns  produced  by  the  current  in  the  delta  are  correspondingly 
small.  It  is  often  possible  and  desirable  to  use  a  multiple-circuit 
winding  or  equivalent,  and  cause  direct  current  to  flow  so  as  to 
have  currents  in  opposite  directions  in  the  same  slot,  provided 
the  familiar  two,  layer  winding  is  employed.  We  would  call 
attention  to  Mr.  Sebastian  Senstius's  paper  entitled  Heat 
Tests  on  Alternators,  presented  to  the  Institute  in  1906*.  We 
believe  it  adviable  for  the  Standards  Committee  to  con- 
sider methods  of  making  heat  runp  as  described  by  Mr.  Senstius 
as  substitutes  for  the  more  desirable  zero  power  factor  method. 
It  is  our  opinion  that  when  making  such  direct-current  heat 
nms,  the  excitation  should  correspond  to  open -circuit  voltage 
equal  to  the  vector  sum  of  the  impedance  drop  and  the  terminal 
voltage.  The  ciurent  could  be  increased  to  allow  for  eddy  ctir- 
rents  if  deep  conductors  are  used,  as  described  by  Mr.  A.B.  Field.** 
This  would  then  give  an  equivalent  of  full-load  core  loss  and 
circulating  currents  equivalent  to  full-load  copper  loss.  It  is 
generally  advisable  to  have  an  open-circuit  heat  nm  in  addition, 
from  which  latter  the  field  heating  at  any  field  current  can  be 
determined  with  considerable  accuracy,  as  a  fresh  supply  of  air 
comes  into  the  rotor  (which  we  are  assuming  to  be  the  field) 
and  hence  the  temperature  of  the  fields  will  not  be  affected  by 
the  stator  temperatiu'e.  The  latter  is  undoubtedly  affected  by 
the  rotor  temperature,  as  a  hot  rotor  causes  warm  air  to  be 
thrown  on  the  stator.  For  two-phase  machines,  we  could 
usually  employ  multi-circuit  arrangements  as  described  by  Mr. 
Senstius. 

When  the  above  methods  are  unwieldy,  we  may  resort  to  the 
familiar  open-  and  short-circuit  heat  runs.  We  do  not  favor 
alternate  open-  and  short-circuit  runs  of  short  duration.  It  is 
frequently  difficult,  especially  on  large  machines,  to  which  this 
method  should  be  particularly  applicable,  to  make  such  changes 
rapidly,  and  unless  they  are  made  rapidly  the  method  is  hardly 
desirable.  Furthermore,  the  time  of  application  and  the  magni- 
tude of  the  voltages  and  currents  are  subject  to  calculations, 
such  calculations  being  based  to  some  extent  on  assumptions, 
and  hence  we  are  liable  to  be  misled  as  to  the  proper  substitute 
for  true  full-load  conditions. 

For  a  ntunber  of  years  we  have  endeavored  to  establish 
some  relation  between  the  sum  of  the  open-circuit  and  short-cir- 
cuit  temperattire  rises  and  the  corresponding  load  temperature 

♦Trans.  A.  I.  E.  E.,  Vol.  XXV,  p.  311. 

**Eddy  Currents  in  Large  Slot-Wound  Conductors^  Transactions 
A.  I.  E.  E.,  1905.  Vol.  XXIV.  p.  761. 
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rise.  In  order  for  the  Standards  Committee  to  decide 
what  ruling  to  give  when  open-  and  short-circuit  heat  runs  are 
made,  they  should  have  available  many  tests  for  comparison. 
There  are,  to  be  sure,  many  variables  that  come  in,  yet  we 
believe  it  is  possible  to  give  an  approximate  ruling  which  may  be 
applied  in  absence  of  methods  for  making  more  accurate  tests. 

We  shall  not  take  space  to  show  why  the  load  temperature 
rise  should  be  slightly  less  than  the  sum  of  open-  and  short-cir- 
cuit temperature  rises.  This  amount  to  be  deducted  we  have 
found  to  be  approximately  5  deg.  cent,  when  the  sum  is  40  deg. 
and  in  general  is  proportional  to  the  sum.  The  temperature 
reading  to  be  taken  in  short-circuit  and  open-circuit  runs,  as 
well  as  the  load  heat  run,  should  be  the  maximum  that  any  of  the 
several  thermometers  record,  whether  they  be  placed  on  stator 
coils  or  stator  iron. 

In  order  to  determine  the  internal  voltage  we  add  vec- 
torially  the  impedance  drop  to  the  terminal  voltage.  The 
reactance  can  be  measiu^ed  with  the  rotor  removed  and  normal 
current  circulated  at  normal  frequency  in  one  phase  of  the  wind- 
ing; for  example,  if  the  machine  be  star-connected  three-phase, 
the  current  should  be  circulated  between  neutral  and  terminal. 
This  may  not  be  in  entire  agreement  with  statements  which 
others  have  made,  but  we  have  found,  to  substantiate  our 
statement,  that  such  methods  when  used  for  the  reactance  drop 
in  determining  the  zero  power  factor  curve  give  extremely  close 
results. 

In  regard  to  heat  nms  on  induction  motors  when  the  equipment 
for  maUng  the  load  tests  is  not  available,  the  "  reversed  rota- 
tion method  "  frequently  gives  accurate  residts,  but  we  believe 
this  is  due  to  a  number  of  errors  cancelling  each  other  by  chance, 
and  it  shoidd  generally  not  be  relied  upon.  It  is  well  known  that 
the  frequency  of  the  currents  in  the  rotor  circuit  when  the  motor 
is  operated  at  200  per  cent  slip  is  double  the  stator  frequency  and 
hence  the  eddy  current  loss  may  be  considerable.  Therefore  the 
results  are  liable  to  be  misleading.  The  method,  in  our  opinion, 
may  be  used  in  combination  with  the  no-load  heat  run,  if  the 
depth  of  the  rotor  conductor  is  not  greater  than  0.55  in.  (13.97 
mm.)  for  25  cycles,  nor  more  than  0.35  in.  (8.89  mm.)  for 
60-cycle  motors.  Our  experience  indicates  that  erroneous 
results  are  obtained  if  these  limits  are  greatly  exceeded. 

Usually,  we  prefer  the  reduced  voltage  method  for  determining 
the  temperature  rise  due  to  copper  loss,  the  induction  motor 
being  operated  until  the  temperature  ceases  to  rise  with  the 
impressed  frequency  raised  above  normal  (i.e.,  the  motor  operates 
with  positive  slip  as  an  induction  motor)  and  then  to  have  the 
test  repeated  with  the  frequency  reduced  a  corresponding  amount 
below  normal  (so  that  the  motor  operates  with  a  negative  slip 
as  an  induction  generator).  In  both  cases  the  motor  is  operated 
at  normal  speed  in  order  that  normal  ventilation  may  be  secured. 
The  reason  for  operating  at  two  frequencies  is  to  insure  an  average 
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temperature  which  would  be  approximately  the  same  as  obtained 
with  normal  eddy  current  loss  in  the  stator.  The  higher  fre- 
quency produces  too  large  and  the  lower  frequency  too  small  an 
eddy  current  loss  in  the  stator  copper.  We  should  then  allow 
for  the  temperature  rise  on  open  circuit,  as  Messrs.  Collins  and 
Holcombe  have  done,  but  whose  equation  we  would  modify  as 
follows: 

7>  =  (r,-r,-g-)  +  (r„-n-g-)- r. 

En  =  Normal  voltage. 

Er  =  Reduced  voltage. 

In   =  No-load  amperes. 

Ir    =  Reduced  voltage  amperes. 

7/  =  Temperatiu'e  rise  on  stator  for  full-load  normal  volts.   ' 

Tn  —  Temperature  rise  on  stator  for  no-load  normal  volts. 

Tr  =  Temperatiu'e  rise  at  reduced  voltage. 

Tt  =  Temperature  rise  to  be  deducted. 

"  T9  "  should  follow  the  same  general  ruling  as  applies  to 
the  altemating-ctirrent  generators  as  indicated  above. 

We  believe  it  would  l:)e  well  to  incorporate  in  the  Stand- 
ardization Rules  some  means  of  allowing  for  a  machine 
feeding  back  heated  air  upon  itself.  For  example,  if  the  machine 
is  placed  in  a  testing  pit  the  walls  of  the  pit  return  to  the  machine 
the  air  which  has  been  expelled,  and  thus  cause  a  higher  tem- 
perature rise  than  would  be  sectured  were  the  entire  machine 
placed  above  the  floor  line.  We  have  observed  numerous  tests 
which  proved  beyond  doubt  that  if  air  once  expelled  is  fed  back 
into  the  machine  before  cooling,  the  temperature  rise  will  be 
considerably  more  than  if  a  fresh  supply  were  fed  continually. 

(b)  Transformers 

J.  M.  Weed:  I  notice  in  the  paper  "  Sources  of  Error  in 
Transformer  Tests  "  by  Messrs.  McConahey  and  Fortescue,  a 
reference  to  the  iron  loss,  as  follows:  "  Due  to  the  voltage  drop 
in  the  primary  winding,  the  induction  in  the  iron  will  be  slightly 
decreased  in  going  from  no-load  to  full-load,  this  tending  to 
decrease  the  iron  loss  slightly.'*  I  infer  from  this  that  the  authors 
of  this  paper  are  thinking  of  the  name-plate  voltage  as  the  no- 
load  voltage,  and  that  the  voltage  will  be  lower  than  the  name- 
plate  voltage  at  the  full-load  condition.  The  voltage  will  be 
lower  at  the  full-load  condition  than  at  the  no-load  condition, 
certainly,  but  if  we  consider  the  name-plate  voltage  as  the  no- 
load  voltage,  this  gives  a  reduced  output  to  our  tr^isformers  on 
the  basis  of  a  current  rating  figured  on  the  name-plate  voltage. 

A  similar  opportunity  for  misunderstanding,  on  this  same 
point,  exists  in  the  paper  on  "  Losses  in  Transformers  "  by  Mr. 
Lewis,  in  his  recommendation  No.  1,  which  states  that  the 
no-load  losses  should  be  measured  at  rated  voltage  minus  /  r, 
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where  /  equals  rated  current,  and  r  equals  resistance  of  primary 
circuit.  Possibly  Mr.  Lewis  does  not  mean  name-plate  voltage 
by  rated  voltage,  but  something  higher,  which  includes  the  trans- 
former drop,  and  will  give  the  name-plate  voltage  on  the  second- 
ary terminals  at  full  load.  This,  however,  would  make  the 
rated  primary  voltage  dependent  upon  the  power  factor  of  the 
load,  since  the  transformer  drop  depends  upon  the  power  factor. 
It  would  seem  preferable  to  specify  that  the  no-load  loss  should 
be  measured  at  name-plate  voltage  plus/r,  where  r  equals  resist- 
ance of  secondary  circuit.  The  exact  value  of  this  correction 
would  depend  upon  which  winding  is  to  be  used  as  secondary 
(where  the  per  cent  /  r  differs  for  the  two  windings)  and  upon  the 
temperature  of  the  transformer  when  the  measurement  is  made. 
The  correction  will  ordinarily  be  small,  in  any  event,  and  my 
own  recommendation  would  be  to  neglect  it,  imless  for  special 
exaggerated  cases,  measuring  the  no-load  loss  at  the  name-plate 
voltage. 

I  should  like  in  connection  with  these  papers  (Group  3)  to  call 
attention  to  my  discussion  of  the  papers  of  Group  2,  with  refer- 
ence to  the  opposition  method  of  determining  temperatiu^e  rise. 

C.  Fortescue:  The  paragraph  referred  to  by  Mr.  Weed  brings 
up  the  question  of  whether  the  rated  voltage  shall  be  the  no- 
load  secondary  voltage  or  the  full-load  secondary  voltage. 
The  paragraph  referred  to  is  true  whether  we  consider  the  rated 
voltage  as  no-load  or  full-load — there  is  a  voltage  drop  in  the 
primary  winding,  and  the  effective  induction,  that  is,  the 
induction  that  links  the  secondary  circuit,  will  be  slightly  de- 
creased. On  the  other  hand,  at  certain  spots  in  the  iron,  the 
leakage  flux  will  cause  the  induction  to  be  higher,  than  even  in 
the  case  of  no-load  conditions.  That  is  what  I  refer  to  in  that 
paragraph. 

In  connection  with  Mr.  Madden 's  paj^er,  I  want  to  say  that  I 
agree  with  the  points  he  brings  up  as  imj)rovements  over  the 
methods  indicated  in  my  paper  on  temperature  measurement. 
It  is  preferable  to  measure  the  resistance  of  the  cojjper  at  some 
point  during  the  copper  or  short-circuit  period.  The  middle 
points  are  not  necessarily  the  correct  points,  but  if  the  complete 
period  is  reduced  to  a  short  length  of  time,  then  the  error  in 
taking  the  middle  point  of  the  short-circuit  period  will  be 
negligible. 

J.  M.  Weed:  I  would  like  to  emphasize  the  advantages  of  the 
use  of  the  idler  in  determining  temperature  rises  of  transformers, 
which  has  been  fully  dealt  with  in  the  papers,  but  I  doubt  if  the 
fidl  advantages  are  appreciated  by  many  here.  The  idler  not 
only  supplies  a  satisfactory  base  temperature  or  equivalent 
room  temperature,  but  also  affords  a  more  accurate  method  of 
determining  the  temperature  rise  of  the  transformer,  which  is 
brought  out  in  the  paper  by  Messrs.  Johannesen  and  Wade. 
In  the  formula  which  represents  the  calculations  which  must  be 
made  from  the  test  in  order  to  get  the  temperature  rise  of  the 
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windings  of  the  transformer,  nothing  appears  except  the  volt- 
meter readings.*  In  the  determination  of  rise  of  resistance,  by 
the  ordinary  voltmeter-ammeter  method,  it  is  necessary  not 
only  to  get  correct  results  from  the  reading  df  two  meters, 
which  involves  the  inaccuracies  of  calibration  as  well  as  the  inac- 
curacies of  observation,  but  you  must  know  the  exact  tempera- 
ture of  the  transformer  at  the  time  you  are  measiuing  this 
resistance  cold  in  order  to  get  an  accurate  temperature  reading. 
That  involves  many  chances  of  error,  when  you  consider  that 
the  temperature  rise  depends  upon  the  difference  between 
two  quantities,  which  arc  large  with  respect  to  this  difference, 
which  is  a  consideration  that  is  not  fully  appreciated.  In  the 
case  of  the  use  of  the  idle  transformer,  it  is  not  necessary  to  know 
the  temperature  of  the  transformer  when  the  initial  resistance 
readings  are  taken,  provided  the  transformer  upon  which  the 
heat  run  is  made  is  at  the  same  temperatiu^e  as  the  idle  trans- 
former; and,  again,  the  same  current  passes  through  both 
transformers,  so  that  it  is  not  necessary  to  know  the  exact  value 
of  the  current.  It  is  only  necessary  to  know  the  voltmeter  read- 
ings. At  the  end  of  the  run,  voltmeter  readings  are  obtained 
with  the  same  cturent  passing  through  both  transformers, 
again.  In  this  case,  in  order  to  calculate  the  temperature  rise,  it 
is  necessary  to  know  the  temperature  of  the  idle  transformer,  but 
we  have  every  opportunity  to  get  this  temperature  correctly. 
This  method,  I  believe,  reduces  the  unavoidable  errors  in  deter- 
mining the  temperature  rise  to  a  minimum. 

There  is  one  open  question,  however,  as  to  the  accuracy  ob- 
tained with  the  idle  transformer,  and  that  is  as  to  whether  it  is 
actually  affected  by  change  of  room  temperature  in  the  same 
manner  as  the  loaded  transformer.  In  the  loaded  transformer 
we  have  a  circulation  of  oil  due  to  the  load  itself  which  causes 
all  parts  of  the  oil  to  come  in  contact  with  the  tank  within  a 
short  period  of  time,  whereas  in  the  idle  transformer  the  circu- 
lation is  very  sluggish.  If  the  room  is  warmer  than  the  oil,  the 
oil  coming  in  contact  with  the  tank  will  rise  slowly  to  the  top 
and  stand  in  a  layer,  which  will  gradually  increase  in  thickness. 
Vice  versa,  if  the  room  is  cooler,  the  oil  in  contact  with  the  tank 
will  gradually  fall  and  produce  a  cool  layer  in  the  bottom  of  the 
tank,  which  will  gradually  build  up  from  the  bottom.  The 
average  temperature  of  the  oil  may  not  be  the  average  between 
the  top  oil  and  the  bottom  oil,  but*  depends  upon  the  distribu- 
tion of  temperature  within  the  tank  from  top  to  bottom. 

M.  G.  Lloyd  (communicated  after  adjournment):  While 
considering  the  subject  of  transformers  I  want  to  suggest  that 
a  definition  of  the  term  "  ratio  of  a  transformer  ''  should  be 
included  in  the  Standardization  Rules.  Heretofore  this  expres- 
sion has  been  used  in  a  variety  of  senses,  not  only  in  a  casual 
way  but  in  printed  treatises  upon  the  subject.  In  looking  over 
the  literatiu'e  one  finds  that  many  authors  fail  to  define  this  term 
and  others  use  it  without  any  exact  significance.    The  princujal 
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meanings  attributed  to  the  expression  are  as  follows,  in  the  case 
of  a  potential  transformer: 

1 .  The  ratio  of  the  number  of  turns  in  the  primary  winding 
to  the  ntunber  of  turns  in  the  secondary  winding. 

2.  The  ratio  of  the  number  of  secondary  to  the  number  of 
primary  turns. 

3.  The  ratio  of  tlie  terminal  voltages. 

4.  The  ratio  of  terminal  voltages  under  no-load. 

5.  The  ratio  of  the  induced  voltages  in  the  two  windings. 
On  accoimt  of  leakage,  this  is  not  the  same  as  the  ratio  of  turns. 

No  word  should  be  used  by  technical  men  which  has  not  a 
definite  meaning,  and  in  view  of  the  great  divergence  in  the  usage 
of  this  term  it  seems  very  desirable  that  a  definition  should  be 
included  in  the  rules.  This  definition  should  be  one  which  will 
make  the  term  most  useful  to  the  engineer,  and  unless  there  is 
some  good  reason  for  departing  from  the  most  common  practise 
among  those  who  have  occasion  to  use  the  term  most  frequently 
in  an  exact  sense,  this  practise  should  be  standardized. 

Probably  the  reason  for  the  previous  laxity  in  definiteness  of 
meaning  has  been  the  fact  that  the  expression  "  ratio  "  has  been 
largely  used  in  a  qualitative  sense,  and  naturally  the  ratio  of 
turns  expresses  such  a  value.  With  the  advent  of  the  instrtmient 
transformer,  occasion  arose  for  the  use  of  exact  quantitative 
values  of  the  ratios  of  terminal  voltages  in  the  potential  trans- 
former and  of  currents  in  the  series  transformer.  The  time  has 
therefore  arrived,  indeed  it  has  passed,  when  a  quantitative 
definition  should  be  standardized. 

In  connection  with  this  definition  there  are  two  ]jrincipal 
considerations.  One  is  as  to  whether  the  ratio  of  the  i)rimary 
value  to  the  secondary  value  shall  be  used  or  the  ratio  of  the 
secondary  to  the  primary.  General  usage  as  well  as  general 
opinion  seems  to  favor  using  the  ratio  of  the  primary  quantity 
to  the  secondary  quantity,  whether  this  be  the  number  of  tiuns 
or  the  electrical  magnitude.  I  will  consequently  not  elucidate 
the  argtunents  on  this  point. 

The  second  principal  question  to  be  decided  is  as  to  whether 
the  ratio  of  turns  or  the  ratio  of  electrical  magnitudes  shall  be 
meant  when  the  word  "  ratio  "  is  used.  Owing  to  internal  resist- 
ance and  to  magnetic  leakage,  the  ratio  of  terminal  voltages  in  a 
potential  transformer  is  never  quite  the  same  as  the  ratio  of 
turns.  In  consequence  of  this  it  is  customary  for  the  manu- 
facturer to  slightly  alter  one  of  the  windings  from  the  number 
necessary  to  give  the  nominal  ratio  of  turns.  The  ratio  of  turns 
is  not  indicated  on  the  name-plate  and  is  usually  unknown  to 
the  user.  The  name-plate  should  always,  and  usually  does,  tell 
the  ratio  of  the  terminal  voltages  under  some  definite  condition 
of  use,  for  this  is  the  ratio  of  interest  to  the  user.  A  similar  con- 
dition exists  with  regard  to  series  transformers.  Here  again  the 
ratio  of  turns  is  not  the  value  which  is  of  interest  and  importance 
to  the  user,  and  it  is  not  customary  for  the  manufacturer  to 
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state  on  the  name-plate  this  ratio,  but  rather  the  ratio  of  primary 
to  secondary  airrents  under  some  definite  condition  of  use. 

In  the  case  of  the  constant-current  transformer  used  with 
primary  on  a  constant-potential  circuit,  the  ratios  of  potentials 
and  of  currents  are  of  little  interest  and  their  values  need  not 
be  known  to  the  user. 

Should  the  ratio  represent  a  quantity  which  is  fixed  by  the 
number  of  conductors  or  a  quantity  which  varies  with  the 
conditions  of  use?  Should  it  represent  a  quantity  whose  value  is 
secreted  in  the  archives  of  the  manufacturer,  or  a  quantity 
whose  value  can  be  determined  by  a  simple  measurement? 
Should  it  represent  a  quantity  whose  exact  value  is  of  importance 
to  the  user  or  a  quantity  which  it  is  only  useful  to  know 
approximately? 

Inquiry  among  the  men  who  have  occasion  to  make  use  of 
exact  quantitative  values  of  ratio  discloses  a  universal  preference 
for  defining  the  term  "  ratio  "  to  mean  the  ratio  of  the  primary 
electrical  magnitude  to  the  secondary  electrical  magnitude.  The 
only  point  which  may  really  seem  to  be  at  issue  is  as  to  whether 
this  ratio  should  be  defined  as  a  definite  constant  quantity  for  a 
particular  transformer,  or  whether  it  should  represent  a  magni- 
tude which  may  be  changed  under  the  conditions  of  use.  For 
instance,  in  the  case  of  a  potential  transformer,  shall  the  ratio 
mean  the  quotient  of  terminal  voltages  under  particular  condi- 
tions of  frequency,  secondary  load,  etc.,  or  shall  it  be  regarded 
as  var3ring  when  these  and  other  conditions  of  use  are  varied? 
The  question  is  somewhat  similar  to  that  involved  in  making  a 
distinction  between  the  rating  of  an  electrical  machine  and  its 
capacity.  The  capacity  is  a  quantity  which  varies  with  the  con- 
ditions of  use,  such  as  room  temperature,  power  factor,  etc., 
but  the  rating  may  be  so  defined  as  to  be  a  definite  quantity  for 
a  particular  machine,  independent  of  any  temporary  conditions 
under  which  it  may  be  used.  To  me  it  seems  preferable  to 
regard  ratio  as  a  variable  quantity,  and  I  therefore  suggest  the 
following  definitions: 

"  The  ratio  of  a  potential  transformer  is  the  ratio  of  the  effec- 
tive primary  terminal  voltage  to  the  effective  secondary  terminal 
voltage." 

"  The  ratio  of  a  current  transformer  is  the  ratio  of  the  effective 
primary  current  to  the  effective  secondary  current." 

It  is  to  be  noted  that  with  the  above  definition  the  regulation 
of  a  potential  transformer  is  the  change  in  ratio  between  full 
load  and  no  load,  expressed  as  a  fraction  of  the  ratio  at  no  load. 
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RATING  OF  OIL  CIRCUIT  BREAKERS  WITH  REFER- 
ENCE  TO  RUPTURING  CAPACITY 


BY  GEORGE  A.  BURNHAM 


There  are  several  ways  of  rating  the  rupturing  capacity  of 
oil  circuit  breakers  in  use  at  the  present  time,  and  when  compar- 
ing this  class  of  apparatus  of  different  manufacturers  consid- 
erable explanation  and  detail  are  involved.  For  example,  one 
company  will  rate  the  circuit  breaker  in  "  ultimate  rupturing 
capacity  ;^^  another  will  specify  that  the  circuit  breaker  is  suitable 
for  use  on  a  circuit  of  certain  characteristics  or  base  the  rupturing 
capacity  on  the  aggregate  full-load  capacity  of  all  synchronous 
apparatus. 

The  rating  of  oil  circuit  breakers  with  reference  to  rupturing 
capacity  is  an  important  matter  and  deserves  the  careful  con- 
sideration of  the  Standards  Committee. 

The  purchaser  or  user  of  this  class  of  apparatus  is  interested 
in  how  much  energy  or  kilovolt-amperes  a  particular  circuit 
breaker  will  safely  interrupt.  The  answer  at  the  best  is  only 
an  estimate  based  on  familiarity  with  design,  tests  and  actual 
service.  I  believe  that  most  engineers  and  designers  will  agree 
that  the  proper  selection  of  a  circuit  breaker  with  reference  to 
rupturing  capacity  depends  as  much  on  the  characteristics  of 
generator,  transmission  line  and  translating  devices  as  on  the 
design  of  the  circuit  breaker  itself.  The  designer  has  fixed  the 
characteristic  of  the  circuit  breaker,  but,  on  the  other  hand, 
has  no  control  over  the  characteristic  of  the  distribution  system, 
and  the  characteristics  are  vastly  different  in  transmission  sys- 
tems of  the  same  kilovolt-ampere  capacity. 

Rating  circuit  breakers  with  reference  to  the  aggregate  full- 
load  rating  of  all  synchronous  apparatus  alone  \&  Tio\  eoSSv6j&t^ 
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to  guide  in  the  selecting  of  the  proper  circuit  breaker,  as  the 
location  of  the  switching  equipment,  the  interposed  lines  and 
apparatus  are  of  equal  importance. 

It  appears  to  the  writer  that  the  most  definite  and  clear  way 
of  rating  oil  circuit  breakers  is  to  give  the  maximtun  "instan- 
taneous '*  rupturing  capacity,  meaning  by  "  instantaneous  '' 
the  elimination  of  time-limit  relays  in  tripping.  This  gives  the 
engineer  something  definite,  and  one  can  then  judge  whether  or 
not  the  circuit  breaker  is  suited  for  the  particular  requirements; 
and  the  engineer  of  the  distribution  system  or  central  station 
is  in  a  better  position  to  judge,  as  a  general  rule,  than  the  designer, 
imless  many  details  involving  the  characteristics  of  the  system 
are  first  considered. 

If  rupturing  capacity  were  rated  as  "  maximum  instan- 
taneous "  this  would  eliminate  all  ratings  in  reference  to  non- 
automatic,  cell-mounted,  pipe-frame  mounting,  time-limit 
tripping,  limitations  as  to  reactance,  etc.,  and  be  confined  en- 
tirely to  the  switch  itself,  which  after  all  is  the  important  factor. 

It  is  fairly  well  settled  that,  other  things  being  equal,  the  rup- 
turing capacity  of  an  oil  circuit  breaker  depends  on  the  head 
of  oil  over  the  break  at  the  starting  of  the  arc,  the  amotmt  of 
space  above  the  oil  for  gas  expansion,  the  shape  and  strength 
of  the  oil  tank  and  its  fastenings,  and,  to  some  extent,  the  length 
and  rapidity  of  contact  movement. 

An  automatic  circuit  breaker  with  its  tripping  features  re- 
moved becomes  a  non-automatic  circuit  breaker,  but  has  its 
rupturing  capacity  been  altered?  Does  the  application  of  the 
time-limit  relay  or  cell  construction  actually  increase  the  rup- 
turing capacity,  or  does  the  introduction  of  reactance  affect 
the  circuit  breaker  itself?  I  think  most  engineers  will  agree 
that  these  factors  do  not  actually  affect  the  rupturing  capacity 
of  the  switch  but  change  only  the  character  or  value  of  the  short- 
circuit  current  and  at  the  instant  of  break  tend  to  limit  the 
kiiovolt-amperes  of  the  circuit  to  that  of  the  circuit  breaker 
or  switch  controlling  it. 

In  view  of  these  conditions,  I  would  suggest  for  the  consid- 
eration of  the  Standards  Committee  that  all  oil  circuit-breaking 
devices  be  rated  with  reference  to  rupturing  capacity  on  their 
**  instantaneous  action.'* 
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THE  SPHERE  SPARK  GAP 


BY    S.    W.    FARNSWORTH    AND    C.    L.    FORTESCUE 


For  many  years  the  spark  gap  method  of  measuring  high  volt- 
ages has  been  universally  used.  No  indicating  meter  satisfactory 
for  commercial  uses  has  yet  been  developed  which  will  measure 
the  maximum  voltage  as  will  the  spark  gap.  Numerous  investi- 
gators have  made  calibration  curves  for  the  spark  gap  using 
needle  point  electrodes  under  widely  varying  conditions.  The 
results  obtained  under  like  conditions  have  checked  fairly  well 
over  a  range  of  voltage  up  to  about  100,000.  Above  this  voltage 
it  has  been  very  hard  to  duplicate  conditions  near  enough  for 
different  investigators  to  obtain  results  which  are  in  agreement. 

Since  voltages  of  100,000  and  above  have  come  into  use,  re- 
quiring test  voltages  of  200,000  and  above,  the  need  for  some 
more  reliable  means  of  measuring  the  voltage  has  been  strongly 
felt.  While  investigating  the  dielectric  strength  of  air  the 
authors  had  occasion  to  use  a  sphere  gap  and  were  so  favorably 
impressed  by  the  consistent  results  obtained  that  the  idea  soon 
presented  itself  of  using  such  a  gap  to  replace  the  needle  point 

gap. 

Those  who  are  daily  handling  high  voltages  know  well  the 
inconsistency  of  the  needle  point  gap  and  others  shotild.  be  con- 
vinced of  it  by  the  great  number  of  different  empirical  equations 
derived  by  different  investigators  showing  relation  between  dis- 
tance of  separation  and  breakdown  voltage.  Besides  giving  incon- 
sistent results  the  needle  point  spark  gap  is  cumbersome  and  re- 
quires a  great  deal  of  space.  Section  245  of  the  A.  I.  E.  E.  Stand- 
ardization Rules  specifies  the  following: 

"  The  spark  points  should  consist  of  new  sewing  needles  sup- 
ported axially  at  the  ends  of  linear  conductors  ^\iic3ci  ^x^  ^  Va^ 
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twice  the  length  of  the  gap.  There  should  be  no  extraneous 
body  near  the  gap  within  a  radius  of  twice  its  length."  For 
300,000  volts,  the  highest  voltage  given  in  the  A.  I.  E.  E.  table, 
the  sparking  distance  between  needle  points  is  77.4  cm.  (30.50 in.). 
If  constructed  according  to  the  rule  given  above,  the  structure 
will  have  the  dimensions  given  in  Fig.  1.  It  is  seen  that  a  space 
6.19  meters  (20.33  ft.)  long  by  2.9  meters  (11.83  ft.)  wide  and 
high  is  required.  Three-hundred  thousand  volts  is  by  no  means 
the  highest  voltage  manufacturers  are  being  called  upon  to 
meastire,  and  with  increased  voltage  the  problem  becomes  more 
difiictdt  to  solve  satisfactorily.  Compare  the  space  required 
for  the  needle  point  gap  with  the  space  of  1.22  meters  by  1.52 
meters  by  2.42  meters  high  required  for  a  37.5-cm.  sphere  gap 
having  one  end  grounded  and  having  a  range  of  412,500  volts, 
effective  value.  Fig.  2  gives  the  diipensions  of  such  a  gap  as 
constructed  and  used. 
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Fig.  1 


A  sphere  gap  becomes  inconsistent  as  soon  as  corona  forms  pre- 
ceding break-down  voltage.  This  only  happens  when  the 
spheres  are  separated  a  distance  greater  than  their  diameter. 
When  separated  less  than  their  diameter  a  progressive  break- 
down follows  immediately  upon  the  break-down  of  the  film  of 
air  at  the  surface  of  the  sphere.*  Consequently  a  pair  of  spheres 
should  only  be  used  for  measuring  voltages  up  to  that  necessary 
to  break  down  the  air  between  them  when  separated  a  dist^jce 
approximately  equal  to  their  diameter.  With  one  end  grounded, 
25-cm.,  37.5-cm.  and  50-cm.  spheres  have  ranges  from  50,000 
up  to  approximately  275,000,  412,500,  and  550,000  volts,  effec- 
tive values,  respectively.    Other  sizes  have  ranges  in  proportion. 

•Alexander  Russell  and  others  have  given  mathematical  proof  as  to  why 
this  is  so.  See  "  The  Dielectric  Strength  of  Air."  The  Philosophical  Maga- 
fine  and  Journal  oj  Scienct^  VoVum^  11,  Sixth  Series,  page  237. 
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With  middle  point  grounded,  25-cm.,  37.5-cm.  and  60-cm. 
spheres  have  ranges  up  to  approximately  330,000,  440,000  and 
tSSO.OOO  volts,  respectively.  Other  sizes  have  ranges  in  propor- 
tion. 

Fig.  2  gives  the  dimensions  for  the  25-cni.,  '.WJy-cm.,  and  M-cm. 
gaps.  Being  con  structe<l  vertically,  theyusea  very  small  floor  space 
as  compared  with  equivalent  horizontal  needle  point  gaps.  The 
top  sphere  is  stationary  but  slightly  adjustable  in  height  so  as 
to  just  make  contact  with  the  lower  sphere  when  it  is  set  for 
zero  separation.  The  lower  sphere  is  mounted  on  a  piece  of  brass 
tubing  which  carries  a  threaded  bushing  on  its  lower  end.  This 
bushing  works  on  a  carefully  threaded  rod  having  a  pitch  of  two  per 
centimeter.  The  bushing  being  graduated  to  fiftieths  on  its  cir- 
cumference, separation  may  be  measured  to  the  nearest  1  /lOO  cm. 


directly.  Thus,  thereisamicrometeradjustmentprovided.  Be- 
ing made  of  large  parts,  the  whole  arrangement  is  mechanically 
strong  and  the  spheres  are  kept  in  constant  alignment.  Being 
mounted  on  large  wheels  the  spark  gap  sets  are  very  portable 
and  may  also  be  picked  up  by  a  crane  without  risk  of  dam^e. 
The  first  pair  of  sjjheres  25.4  cm.  (10  in.)  diameter  were  made 
up  early  in  1910  and  immediately  became  so  popular  on  the  test- 
ing floor  because  of  their  consistency  and  convenience  that  the 
use  of  the  needle  point  gap  was  entirely  abandoned.  These  original 
spheres  are  still  in  use  and  show  no  sign  of  surface  deterioration 
due  to  the  arc.  Various  resistances  have  been  used  in  series 
with  the  gap  to  limit  the  current  upon  break-down.  A  value 
of  one  ohm  per  volt  for  the  maximum  voltage  for  which  the  set 
is  to  be  used  has  been  found  to  give  entire  satisfaction  and  the 
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resistance  may  be  of  any  convenient  form.  The  proximity  of 
neighboring  bodies  has  been  found  to  have  little  effect  on  the 
break-down  voltage  of  a  given  gap.  The  effects  of  atmospheric 
pressure  and  temijcrature  are  well  known,  the  break -down  voltage 
varying  directly  as  the  pressure  and  inversely  as  the  absolute 
temperature.     Humidity  has  a  negligible  effect. 

The  sphere  gap  thus  offers  a  means  of  measuring  high  voltages 
which  has  the  following  advantages  over  the  needle  point  gap: 

More  consistent,  the  break-down  voltage  varying  directly 
a  the  pressure  and  inversely  as  the  absolute  temperature  and 
being  affected  only  toa  negligible  degree  by  humidity,  proximity 
to  neighboring  bodies,  frequency,  etc. 

More  convenient,  because  the  terminals  do  not  have  to  be 
renewed,  and  a  micrometer  adjustment  provides  ready  means  of 
setting  accurately  for  any  separation  without  adjusting  for  zero. 

Requires  much  less  floor  space. 


Is  more  portable  because  of  itE  bettor  mechanical  construction 
and  smaller  size. 

In  view  of  the  above  advantages  which  have  been  found  to 
exist  during  nearly  three  years'  use  in  commercial  testing,  the 
authors  feel  that  the  sphere  spark  gap  may  be  well  considered 
as  a  standard  to  replace  the  needle  gap  standard. 

It  is  suggested  that  the  following  features  be  incorporated  in 
the  Standardization  Rules  covering  the  measurement  of  high 


1.  Either  one  end  or  the  middle  point  of  the  high-tension  wind- 
ing should  be  grounded.    In  case  the  middle  point  is  grounded, 
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the  high-tension  voltage  from  one  terminal  to  ground  may  be 
measured  by  the  spark  gap,  and  total  voltage  taken  as  twice  this 
value. 

2.  The  spark  gap  shall  consist  of  two  accurately  machined 
spheres  supported  vertically  l>y  a  wooden  frame- work  having  its 
dimensions  proportional  to  the  diameter  of  the  sphere  used, 
as  shown  in  Fig.  3. 

3.  The  25-cm.,  37.5-cm.  and  50-cm.  spheres  shall  be  standard 
sizes  covering  voltage  ranges  of  50,000  to  275,000.  50,000  to 
412,500  and  50,000  to  550,000  volts,  effective  values,  respectively. 
The  lower  sphere  shall  always  be  grounded. 

For  voltages  below  50,000  a  smaller  size  of  sphere  may  be 
used.  The  authors  are  not  at  present  in  a  position  to  recommend 
a  definite  size.  It  is  suggested  that  the  calibration  of  the  stand- 
ard sizes  should  be  done  under  the  direction  ot  the  Standards 
Committee. 


{ 

i 


A  paper  presented  at  the  Midwinter  Conven- 
tion  of  the  American  Institute  of  Electrical 
Engineers,  New  York,  February  28,  1913. 

Copyright.  1913.    By  A.  I.  E.  B. 


CALIBRATION  OF  THE  SPHERE  GAP  VOLTMETER 


L.    W.   CHUBB   AND  C.   FORTESCUE 


The  breakdown  strength  of  an-  between  spherical  terminals 
has  been  found  to  be  rather  constant,  and  the  sphere  gap  has  been 
suggested  as  a  standard  instrument  to  be  used  in  the  measure- 
ment of  high  voltage.  Results  obtained  with  different  apparatus 
by  different  experiments,  however,  have  not  been  in  perfect  accord, 
and  the  ultimate  dielectric  strength  of  air  indicated  by  calculating 
the  maximimi  intensity  from  these  tests,  has  shown  some  cali- 
brations of  the  gaps  to  disagree  with  results  obtained  by  other 
methods. 

If  spheres  of  sufficient  size  are  used,  and  if  the  separation  and 
breakdown  voltage  arc  such  that  there  is  no  corona  at  the  surface 
of  the  spheres,  it  is  fair  to  assume  that  the  complete  breakdown 
of  the  air  gap  will  occur  at  the  voltage  at  which  the  stress  due  to 
the  intensity  at  the  surface  of  the  spheres  corresponds  to  the  ulti- 
mate strength  of  the  air.  It  also  seems  as  though  the  rupture 
of  a  given  sphere  gap  should  be  independent  of  frequency  of 
time  of  voltage  application,  and  that  it  should  depend  only  upon 
the  maximum  value  of  the  voltage  impressed,  provided  that  there 
is  no  ionization  before  breakdown  which  in  effect  alters  the  shape 
of  the  terminals  and  changes  the  dielectric  gap. 

The  purpose  of  this  paper  is  to  present  the  calibration  curves 
for  the  three  sizes  of  sphere  gaps  which  have  been  suggested  as 
standards.* 

To  be  of  value  in  measuring  voltage,  the  sphere  gap  must  be 
furnished  with  a  calibration  curve  showing  the  relation  between 
the  breakdown  voltage  and  length  of  gap.     The  results  of  any 

•See  paper  by  Farnsworth  and  Fortescue,  p.  733  of  this  volume. 
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calibration  can  be  no  better  than  the  method  used  in  the  test, 
and  unless  such  calibration  is  accurate  the  sphere  gap  volt- 
meter is  not  a  desirable  standard. 

Different  methods  used  to  calibrate  spark  gaps  at  high  volt- 
age show  great  variations  in  the  relation  between  voltage  and 
separation  of  spheres.  Some  also  show  a  great  variation  with 
frequency.  It  can  be  shown  that  such  differences  are  due  to 
conditions  of  test  rather  than  to  any  real  variation  of  the  sphere 
gaps  themselves. 

The  most  usual  method  of  measuring  the  high-tension  voltage 
is  to  measure  the  primary  potential  and  multiply  by  the  ratio 
of  the  transformer.  Voltages  obtained  by  this  method  are 
generally  very  much  in  error,  due  to  the  distributed  capacity 
in  the  high-tension  winding  of  the  transformer,  harmonic  distor- 
tions of  the  applied  voltage  wave,  and  the  capacity  of  the  terminal 
bushings  and  the  apparatus  to  which  the  high- voltage  winding  is 
connected.  The  effective,  or  r.m.s.,  low-tension  voltage  is 
usually  indicated  so  that  there  is  no  measure  of  the  maximum 
unless  a  pure  sine  wave  of  voltage  is  applied,  there  are  no  appreci- 
able distortions  due  to  the  harmonic  components  of  the  exciting 
currents,  and  the  capacity  regulation  can  be  corrected. 

The  use  of  a  second  high-voltage  transformer  to  step  doym  the 
voltage  for  measurement  wnth  a  voltmeter,  is  an  improvement 
over  the  straight  ratio  method,  but  requires  corrections  in  most 
cases,  and  another  expensive  transformer. 

Another  method  of  measuring  the  high  voltage  which  has  been 
used  by  the  authors  is  to  connect  an  electrostatic  voltmeter  of 
low  electrostatic  capacity  in  i)arallel  with  one  or  several  sections 
(at  the  ground  side)  of  a  condenser  type  terminal.  This  method 
corrects  the  reactive  errors  of  the  ratio  method  but  is  also  an 
effective  reading  and  gives  no  indication  of  wave  shape  and  maxi- 
miun  value. 

The  calibration  of  the  sphere  gaps  was  thought  to  be  dependent 
only  on  the  maximum  voltage  and  it  was  the  aim  of  the  authors 
to  obtain  the  calibrations  in  terms  of  maximum  of  the  voltage 
of  the  high-tension  winding,  and  then  reduce  the  results  to  effec- 
tive values,  assuming  sine  wave  shape  of  voltage. 

A  ver>^  satisfactory  method  of  measuring  the  maximum  of  the 
voltage  wave  was  to  rectify  the  capacity  current  taken  by  an  air 
condenser  and  measure  the  average  value  of  the  rectified  current 
with  a  d'Arsonval  galvanometer.  The  details  of  this  method 
will  probably  be^of^interest. 
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Fig.  1  shows  diagrammatically  the  apparatus  and  circuits 
necessary  to  calibrate  the  gap  in  terms  of  the  maximum  voltage. 

The  air  condenser  is  shown  in  Fig.  2.  It  was  constructed  of 
wood  carefully  turned  to  dimensions  and  coated  with  tin-foil  and 
lead  sheeting.  The  central  and  high-voltage  member  was  60  cm. 
(23.6  in.)  in  diameter  and  458  cm.  (15  ft.)  long.  The  outside 
or  ground  member  with  the  flared  ends  had  a  total  length  of 
240  cm.  and  internal  diameter  of  162.8  cm.  (5.34  ft.)  It  was 
divided  into  three  sections;  the  middle  or  working  part  was  47.7 
cm.  (18.8  in.)  long  and  the  end  sections  or  guard  rings  were  each 
of  equal  length  in  the  cylindrical  part  and  were  flsu-ed  with  toroidal 
surfaces  having  a  radius  of  47.7  cm.  (18.8  in.).  The  capacity 
of  the  central  section  was  figured  and  found  to  be  2.657  +  10""" 
farad. 
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Fig.    1 


The  central  section  of  the  outside  member  was  connected  to 
ground  through  a  non-inductive  resistance  which  served  as  a 
shunt  to  measure  its  charging  current.  The  guard  ring  sections 
were  connected  together  and  grounded  through  a  resistance  of  such 
a  value  that  the  time  constants  of  the  center  and  ends  would  be 
approximately  the  same,  and  there  would  be  no  cause  for  leakage 
between  the  three  sections .  Across  the  resistance  between  ground 
and  the  central  section,  was  connected  the  galvanometer  circuit 
consisting  of  a  megohm  of  series  resistance  and  a  d'Arsonval 
galvanometer  shunted  with  a  synchronous  contactor.  The 
contactor  was  driven  by  a  six-pole  synchronous  motor  and 
arranged  with  three  equal  brass  segments  which  short-circuited 
two  brushes  during  every  alternate  half  cycle.  The  brushes  were 
connected  to  a  long  lever  so  that  they  could  be  readily  shifted 
in  phase.     A  maximum  deflection  of  the  galvanometer  in  this 
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case  indicates  commutation  at  the  zero  points  of  the  current  wave, 
and  this  maximum  deflection  was  proportional  to  the  average 
charging  current  of  the  condenser  section  and  also  proportional 
to  the  maximum  voltage  impressed  Aipon  the  condenser. 

If  Q  is  the  quantity  required  to  charge  the  condenser  to  any 
maximimi  potential  F,  the  passage  of  2Q  is  required  to  change 
the  potential  from  +  V  to  —  V  for  the  synunetrical  periodic 
charge.  While  the  potential  changes  from  —  V  to  +  F,  the 
reversal  of  current  is  suppressed  in  the  instrument  by  the  shunting 
effect  of  the  synchronous  contactor.  The  steady  deflection  of 
the  instnmient  is  therefore  caused  by  a  unidirectional  pulsating 
current.  The  average  value  of  the  condenser  ciuTent(disr^;ard* 
ing  sign)  is  equal  to  the  quantity  flowing,  in  coulombs  per  second. 

/  =  4  0/  =  4  C  7/  (1) 

where  C  =  Capacity  of  condenser. 
/  =  Frequency. 
V  =  The  maximum  voltage, 
and  /  =  The  average  value  of  the  condenser  current. 

The  steady  current  deflection  (d)  of  the  galvanometer  is 

d^  KI  (2) 

where  K  is  the  instrument  constant  in  divisions  per  ampere. 
From  (1)  and  (2) 

d 


V  = 


4:CKf 


In  all  cases  the  value  of  K  was  obtained  by  applying  the  battery 
voltage  to  the  galvanometer  circuit  while  the  contactor  was  run- 
ning. 

In  order  to  make  siu'e  that  the  contactor  was  making  good 
contact  at  all  times,  frequent  check  tests  were  made  with  the 
contactor  running,  and  still  to  make  siu'e  that  currents  for  equal 
deflections  were  in  the  ratio  of  2  to  1.  The  galvanometer  was 
critically  damj^ed  so  as  to  obtain  quicker  readings,  and  to  elimi- 
nate errors  due  to  overshooting  and  swinging  which  would 
occur  with  voltage  variations  and  phase  shifts.  With  the  instru- 
ment under-damped  it  was  difficult  to  distinguish  between  volt- 
age variations  and  false  setting  of  the  brushes.  When  over- 
damped  the  proper  position  of  the  brushes  for  the  maximum  read- 
ing could  readily  be  found,  when  the  voltage  was  steady,  but  the 
response  to  quick  changes  in  voltage  was  not  sufficient,  and  it 
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was  impossible  to  tell  whether  the  breakdown  of  the  gap  was  due 
to  a  surge  of  voltage  or  not.  Throughout  the  work,  all  wiring, 
instruments,  switches,  resistances  in  the  circuit,  and  the  contactor 
were  shielded  with  grounded  coverings  of  tin-foil  or  wire  screen 
in  order  to  remove  static  troubles.  Serious  errors  were  intro- 
duced when  any  part  of  circuit  was  left  imshielded,  but  the  strong 
static  field  had  no  bad  effects  when  the  shields  were  properly 
grounded.  There  was  an  appreciable  capacity  between  the  high- 
tension  terminal  and  the  ground  side  of  the  condenser,  and  in 
order  to  prevent  errors  due  to  this  additional  condenser  current, 
through  the  measuring  shunt,  it  was  necessary  to  place  a 
groimded  network  of  wires  between  the  condenser  and  the  high- 
potential  circuits.  Before  each  test  a  high  voltage  was  applied, 
with  the  condenser  disconnected  and  short-circuited,  to  find  out 
if  there  were  any  static  or  electromagnetic  troubles  which  would 
give  a  deflection  of  the  galvanometer.  If  no  such  troubles  were 
present  the  high-tension  lead  was  connected  to  the  condenser 
and  tests  made  as  follows: 

The  gap  was  opened  two  or  three  cm.  beyond  the  breaking 
point.  Voltage  was  then  applied  to  the  condenser  and  gap.  After 
the  maximum  deflections  of  the  galvanometer  had  been  carefully 
observed,  the  sphere  gap  was  very  slowly  closed  until  breakdown 
occurred.  The  maximum  value  of  the  voltage  was  then  worked 
out  from  the  galvanometer  readings  and  a  direct-current  cali- 
bration made  after  each  test.  The  relation  between  this  maxi- 
mum voltage  and  the  separation  of  the  spheres  was  then  plotted. 

In  the  later  tests  the  contactor  was  driven  with  a  30-h.p. 
induction  motor  instead  of  a  synchronous  motor.  By  making 
this  change  both  positive  and  negative  maxima  could  be  observed, 
and  no  shifting  of  brushes  was  necessary,  as  the  adjustment  for 
maximum  deflection  was  obtained  each  time  the  rotor  of  the  motor 
had  slipped  a  pole  pitch.  At  60  cycles,  the  motor  slipped  less 
than  one  revolution  (6  poles)  per  minute,  so  that  with  the  critically 
damped  galvanometer,  accurate  observations  of  the  two  maxima 
cotdd  readily  be  made.  At  lower  frequency  the  per  cent  slip 
was  of  course  greater,  but  the  frequency  of  galvanometer  maxima 
was  about  the  same. 

Tests  were  made  at  frequencies  ranging  from  25  to  60  cycles 
with  two  high- voltage  transformers,  each  excited  from  two  differ- 
ent sources  of  power. 

The  authors  hoped  to  calibrate  the  37|-cm.  and  60-cm.  spheres 
to  500  kv.  (effective)  on  a  third  and  larger  transformer,  but  lack 
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of  time  and  a  great  volume  of  commercial  testing  delayed  these 
tests. 

It  was  assumed  that  a  good  test  on  the  25-cm.  spheres  up  to 
the  voltage  corresponding  to  a  diameter  separation  could  be 
made  on  the  300-kv.  transformer  and  the  calibrations  of  the 
larger  gaps  obtained  by  extrapolation  and  the  theory  of  pro- 
IXHiional    fields. 

If  the  calibration  of  the  25-cm.  spheres  showed  a  constant  sur- 
face intensity  throughout,  and  if  the  larger  set  agreed  within 
the  same  range  of  voltage,  such  an  extrapolation  could  not  be 
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questioned.  The  results,  however,  show  increasing  intenaty 
with  an  increase  in  separation,  and  show  the  air  between  the 
larger  spheres  to  be  apparently  weaker  than  between  the  small 
spheres  for  the  same  ratio  of  separation. 

The  increase  of  surface  intensity  with  increase  in  separation 
has  been  observed  by  several  experimenters,  but  not  satisfactorily 
explained.  The  relative  weakness  of  the  air  gaps  between  the 
large  spheres  is  probably  due  to  the  effect  of  neighboring  bodies. 
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Extraneous  objects  at  constant  distances  from  the  gaps  will  of 
course  weaken  the  gap  between  the  larger  spheres  more  than  that 
between  the  smaller  spheres.  Quantitative  tests  of  the  effect 
of  extraneous  objects  will  be  made  later. 

The  results  of  the  tests  show  frequency  and  wave  shape  to  have 
no  appreciable  effect  upon  the  calibration. 


TABLE  I 

25-CM 

. SPHERES 

1 

E  ratio 

/ 

Remarks 

dx 

it 

d 

kv. 

cycles 
per 
sec. 

Gap 
cm. 

ICX10-" 

V 
kv. 

Test  No.  36 

32 

37 

69 

24.8 

25 

1.31 

658 

39.6 

32.5 

36.5 

69 

24.8 

1.19 

39.6 

76.5 

82 

158.5 

58.6 

3.10 

90.9 

76.5 

82.5 

159 

68.5 

3.10 

90.9 

96.6 

102.5 

199.1 

75 

3.86 

114 

97 

102  3 

199.3 

75 

4.07 

114.3 

98.5 

102.2 

200.7 

75       ; 

4.06 

115.1 

131.5 

135.5 

267 

100 

5.52  '■ 

152  8 

131.5 

137 

268.5 

UK) 

5.56  ! 

!  iM    ; 

118.5 

122 

240.5 

90 

4.92  \       • 

1   137.8 

DampinK  not  Rood 

106 

108.5 

214.2 

80 

4.38 

1 

1  122.6 

brush  tightened 

02.5 

94.5 

187 

70 

3.79  1       • 

107.2 

92.5 

94 

186.5 

70 

3.76 

106.8 

60.5 

60 

120.5 

47.3 

2.34 

« 

69 

i     49.2 

49.6 

98.8 

34.6 

1.82 

• 

57 

Test  No.  38 

42 

45.5 

87.5 

100 

25 

5.71 

218 

151 

42.5 

45.5 

87.5 

100 

5.68 

151 

53.5 

57.5 

111 

125 

7.29 

191 

54 

67.5 

111.5 

125 

7.32 

192 

63.5 

68.5 

132 

150 

9.02 

227 

63.3 

68.8 

132.1 

150 

9.08 

227 

74 

79.6 

153.6 

176 

11.37 

265 

75 

80 

155 

175 

11.36  ;     • 

1 

'       ;  268 

85 

92.5 

177.5 

200 

11.17  1 

306 

85 

92.5 

177.5 

202 

14  67 

i 

306 

85.5 

92.5 

178 

200 

14  43  ' 

307 

1 

1     95.3 

103.5 

198.8 

225 

17.80  1 

1 

343 

1 

96.2 

103.6 

199.8 

225 

. 

18.02  1 

'       ;  345 

106.3 

114 

220.3 

251 

23.56  ! 

381 

106.2 

114 

220.2 

251 

24.73 

1 

381 

Surije  of  voltage 

106.2 

113.6 

219.8 

249 

23.55 

380 

112.6 

121.5 

234 

264 

27.85 

404 

102 

110.6 

212.6 

240 

25.2 

21.28 

363 

112 

121 

233 

260 

25 

27.58 

402 

105.5 

115 

220.5 

250 

■ 

22.79 

381 

84.5 

93 

177.5 

200 

• 

14.88 

303 

62.3 

70.1 

132.4 

150 

25  2 

9.20 

225 

41.6 

49 

90.5 

100 

M 

5.56 

154 

41.2 

49.6 

90.7 

100 

1         • 

1 

5.66 

m 

155 
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TABLE  II 
37K-CM.  SPHERES 


il 

it 

d 

E  ratio 

/ 
cycles 

Gsp 

V 

Remarks 

kv. 

per 
sec. 

cm. 

Kx\(y* 

kv. 

Test  No.  40 

26 

26.2 

50.4 

50 

25 

3.04 

214 

87.6 

24.6 

26.3 

49.9 

50 

2.98 

86.4 

41.4 

41.7 

83.1 

100 

5.26 

144.1 

41.6 

42.5 

84 

100 

5.24 

146.6 

61 

62 

123 

150 

7.96 

215.6 

60.3 

62.4 

122.7 

150 

8.44 

214.8 

70.8 

73 

143.8 

176 

9.61 

249.2 

70.2 

72.6 

142.7 

175 

9.70 

247.6 

81.6 

83.8 

165.4 

201 

11.38 

287 

81.8 

84.3 

166.1 

202 

11.69 

288 

Quick  rise  of 
voltage 

81.2 

84 

166.2 

201 

11.99 

286.6 

01.8 

96 

186.8 

225 

13.36 

323.7 

01.6 

w  . 

186.6 

225 

13.27 

321.7 

101.5 

104 

205.5 

250 

15.40 

366.3 

101 

104.3 

206.3 

250 

16.29 

366 

112.6 

116.5 

229 

276 

18.12 

398 

112.6 

116.6 

229 

274 

17.88 

398 

118 

121 

239 

286 

19.18 

415 

41.2 

42.5 

83.7 

100 

■ 

5.27 

m 

145.2 

TABLE  III 
50-CM.  SPHERES 


/ 

di 

di 

d 

£  ratio 

cycles 

Gap 

V 

Remarks 

kv. 

per 
sec. 

cm. 

/cxio-3 

kv. 

Test  No.  45 

28.1 

26.3 

54.4 

61 

24.75 

3.45 

214 

96.5 

28.1 

26.2 

54.3 

60 

25 

3.38 

95 

45.3 

43.6 

88.9 

100 

25 

5.68 

155 

45.3 

43.7 

89 

100 

25 

5.68 

156 

66 

64.1 

130.1 

150 

25.25 

8.66 

226 

65.8 

65.2 

131 

150 

24.75 

8.66 

231 

88.6 

88 

176.6 

200 

25 

12.23 

308 

88.8 

88.1 

176.9 

201 

25 

11.99 

309 

Frequency  unsteady 

88.7 

88 

176.7 

201 

25 

12.17 

308 

99.4 

99 

198.4 

225 

25.25 

13.88 

344 

99.7 

99 

198.7 

225 

25.25 

13.80 

344 

109.4 

109 

218.4 

249 

25.25 

15.43 

378 

108.8 

109.2 

218 

249 

25 

15.32 

381 

Guard    ring   dis- 

87 

89.2 

176.2 

202 

25  25 

12.20 

a 

303 

charges  through 
shunt 

19131  SPHERE  GAP   VOLTMETER  747 

Fig.  3  shows  the  calibration  curves  obtained  for  each  of   the 
three  sets  of  spheres  and  Tables  I,  II  and  III  show  the  results  for 
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a  25-cycle  test  of  each.  The  curves  have  been  drawn  weighing 
the  points  of  many  tests.  To  avoid  confusion,  only  the  points 
of  the  tests  shown  in  the  tables  are  plotted. 
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Fig.  4  shows  the  relation  between  surface  density  and  the 
ratio  of  separation  for  the  three  curves  of  Fig.  3. 

Fig.  5  shows  the  calibration  for  the  three  gaps  extended  and 
expressed  in  terms  of  effective  values  of  a  sine  wave  voltage. 
These  curves  have  been  derived  from  the  curve  for  the  25-cm. 
sphere. 

The  authors  regret  that  limitation  of  time  makes  it  necessary 
to  show  extrapolated  curves  in  place  of  direct  calibration  for  the 
high-voltage  results.  However,  the  curves  will  serve  as  a  basis 
for  comparison  until  the  direct  calibration  can  be  completed. 


A  P*ptr  frttnUd  at  tk$  MUwinUr  Convtn- 
tion  of  tk*  American  InstUuU  of  EUclrical 
Enginurs,  New  York,  February  28.  1913. 

Copyright.  1913.    By  A.  I.  E.  E. 


POTENTIAL     WAVES     OF     ALTERNATING-CURRENT 

GENERATORS 


BY   W.    J.    FOSTER 


It  is  not  the  purpose  of  this  paper  to  discuss  pro  and  con  the 
advisability  of  building  generators  that  develop  **  a  sine  wave 
under  all  conditions  of  load,"  as  sometimes  stipulated  in  speci- 
fications. Stxffice  it  to  say  that  designers  and  users  of  altema- 
ing-current  generators  have  been  content  up  to  the  present  time 
with  simply  a  rough  approximation  to  a  sine  wave. 

The  purpose  of  this  paper  may  be  said  to  be  three-fold;  first, 
to  show  some  potential  waves  that  have  more  or  less  close  rela- 
tion to  the  evolution  of  a-c.  generators;  second,  to  show  how  load 
and  other  conditions  affect  the  no-load  or  open-circuit  wave; 
third,  to  exhibit  waves  of  several  generators  that  have  supplied 
commercial  systems,  large  and  small,  for  many  years. 

The  exhibit,  for  the  most  part,  pertains  to  generators  that  have 
open  slots  in  the  armature  and  fonn-wound  coils. 

In  connection  with  definite  pole  generators  of  high  periodicity 
and  high  voltage,  and  at  the  same  time  of  small  capacity,  or  more 
exactly,  small  capacity  per  pole,  it  is  of  great  importance  that 
poles  shall  be  so  shaped  that  there  shall  be  a  sinusoidal  distribution 
of  flux  in  the  air  gap.  The  three  waves.  Curves  1 , 2  and  3,  showing 
the  potential  as  affected  by  shape  of  pole,  were  taken  many 
years  ago  during  a  study  of  the  problem.  The  machine  was  a 
60-cycle,  150-kw.,  6600- volt,  three-phase,  belt-driven  generator 
which  happened  to  be  available  for  the  purpose.  The  only 
changes  made  were  on  the  pole  faces.  It  is  probable  that  a  bet- 
ter wave  could  have  been  obtained  by  an  additional  trial.* 

Ctirves  4  and  5  show  what  was  accomplished  oti  ^xlo\2s^!^ 
alternator  by  a  slight  change  in  the  curvature  ol  tVve  ^^<^  \%Rfc^ 
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viz.,  a  reduction  from  8J4  in.  (21  cm.)  to  7^  in.  (19.6  cm.), 
of  the  radius  to  which  poles  were  turned. 

Assuming  a  pole  of  proper  shape,  the  fundamental  of  the 
potential  wave  becomes  a  sine.  The  problem  is  then  to  reduce 
the  harmonics  to  a  minimum.  Curves  6,  7  and  8  give  typical 
curves  of  one  slot,  two  slots  and  three  slots,  respectively,  per 
phase  per  pole  for  star-connected,  three-])hase,  high-voltage 
generators.  These  plainly  show  harmonics  that  are  caused  by 
the  slots  in  armature.  The  harmonics  due  directly  to  the  slots 
are  never  lower  than  of  the  fifth  order  in  commercial  generators, 
since  there  are  three  slots  per  pole  in  a  one  slot  per  pole  per  phase, 
three-phase  machine.  It  is  the  third  harmonic,  more  especially, 
that  needs  to  be  reckoned  with  in  laying  out  armature  windings. 
If  the  wave  across  each  phase  itself  were  a  perfect  sine  with  no 
harmonics,  the  wave  from  terminal  to  neutral  in  star-connected 
wotdd  be  identical  with  that  across  terminals,  and  also  with  the 
delta-connected.  Few  commercial  machines  approximate  this 
ideal    condition. 

Curve  9  is  an  example  of  a  poor  wave,  due  largely  to  the  cir- 
culating third  harmonic  current  in  the  closed  delta.  Curve  10 
is  taken  across  the  delta  when  opened  at  one  comer.  The 
wave  would  be  poor  on  this  generator  if  star-connected.  Curve 
11  may  be  taken  as  representative  of  a  large  number  of  delta- 
connected  commercial  generators  which  have  quite  good  waves 
when  star-connected.'  Curve  12  shows  the  possibilities  in  a 
delta-connected  armature.  This  belongs  to  a  five  slot  per 
phase  per  \k>\c  generator  with  large  air  gap  and  well  shaped 
pole. 

Sometimes  in  star-connected  machines  the  wave  across  one 
phase  or  between  terminal  and  neutral  is  broad- topped  as  com- 
pared with  that  across  two  phases  or  between  terminals  (see 
Cur\'es  13  and  14),  in  other  cases  the  converse  is  true. 

It  is  evident  that  the  harmonics  and,  consequently,  the  re- 
sultant or  completed  wave,  will  be  modified  by  varying  the  pitch 
of  the  armature  winding  or  by  staggering  the  poles,  or  by  an 
irregular  spacing  of  the  poles.  Equally  good  results  have  been 
obtained  by  making  the  number  of  slots  in  the  armature  not  an 
exact  mtdtiple  of  the  product  of  poles  by  phases — a  construc- 
tion much  preferable  to  diagonalling  the  poles,  when  considered 
from  the  standpoint  of  mechanical  design.  A  vernier  effect 
is  thus  established  between  the  armature  and  the  field.  This 
design   might  be  designated  the  "hunting  tooth.'*     Curve  16 
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CURVBS     1.     2     AND     3.- 

Wavb  Forms  at  No- 

LOAD  AS  AfFECTBD 

BY  Shape  of  Pole. 


Curve  4. — Potential 
Wave — No  Load. 

18  kv-a..  26  cycles,  750 
rev.  per.  min..  three-phase, 
110  volts,  pole  face  8^  in. 
radius. 


Curve  5. — Potential 
Wave — No  Load. 

18  kv-a..  25  cycles.  750 
rev.  per.  min.,  three-phase, 
110  volts,  pole  face  7  i  in. 
radius. 


Curve  6. — Potential 
Wave — No  Load. 

Three-phase  star  -con- 
nected— one  slot  per  phase 
per  pole,  3000  kv-a..  00 
cycles,  6600  volts. 


Curve  7. — Potential 
Wave — No  Load. 

Three-phase,  star  con- 
nected, two  slots  per  phase 
per  pole.  2700  kv-a..  35 
cycles.  13.200  volts. 


Curve  8. — Potential 
Wave — No  Load. 

Three-phase  star  con- 
nected, three  slots  per 
phase  per  pole,  2700  kv-a.. 
60  cycles,  6600  volts. 


Curve  9.  —  Potential 
Wave — No  Load,  across 
Two  Terminals  of  a 
Delta  Connection. 

4200  kv-a..  60  cycles,  720 
rev.  per.  min.,  three-phase, 
2300  volts. 


Curve  10. — Potential 
Wave — No  Load,  across 
Same  Terminals  as  in 
Fig.  9  but  with  Open 
Delta. 

4200  kv-a..  60  cycles.  720 
rev.  per.  min..  three- 
phase,  2300  volU. 


Curve  11. — Potential 

Wave — No  Load 
— Delta   Connected 
900  kv-a..  25  cycles.  160 
rev.     per.     min.,     three- 
phase,  400  volts. 
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compared  with  15  shows  what  may  be  accomplished  by  this 
scheme.  There  is  no  other  difference  between  the  two  genera- 
tors to  affect  the  wave  except  the  slot  ratio.  Curve  17  is  another 
illustration  of  the  good  results  that  have  been  obtained  in  this 
way. 

It  has  been  the  general  practise  to  connect  armature  windings 
indiscriminately  star  or  delta,  except  in  certain  designs  where 
the  third  harmonic  is  too  ])ronounced.  Curves  18  and  19  super- 
imposed, show  at  a  glance  the  differences  that  existed  in  con- 
nection with  one  of  the  earlier  steam-turbine  generators  that 
was  standard  for  several  years.  It  is  sometimes  advisable, 
when  testing  a  delta-connected  armature  of  a  new  design,  to 
open  a  comer  of  the  delta  and  insert  an  ammeter  to  measure  the 
circulating  current,  or  take  an  e.m.f .  wave  across  the  open  comer. 
Cur\'^es  20  and  21  are  oscillograph  records  of  investigations  made 
on  a  cylindrical  rotor  with  distributed  field  winding.  Inciden- 
tally, these  records  show  the  influence  of  the  third  harmonic  cur- 
rent, when  flowing  in  the  closed  delta,  on  the  potential  wave  of 
the  fundamental  itself. 

The  star-connected  generators  arc  not  immune  from  third 
harmonic  trouble  in  case  the  neutrals  of  generators  differing  in 
potential  wave  are  grounded  without  resistance,  or  with  very 
little  resistance.  C^urves  22  and  23,  superimposed  for  easier 
comparison,  arc  of  7000-  and  11,000-kv-a.  generators,  respec- 
tively, in  connection  with  which  the  current  to  groiuid  was  so 
large  as  to  overload  the  armature  windings  and  make  parallel 
operation  impossible  witli  both  neutrals  direct  to  ground. 

Potential  waves  are  often  modified,  both  under  load  and  no- 
load  conditions,  by  cin^ulating  currents  in  the  pole  faces  or  in 
amortisseur  windings  on  the  field.  Curve  24  shows  a  wave 
taken  on  a  13, 200- volt  synchronous  motor  with  broad  oj^cn  slots, 
rather  small  air  ga])  and  sqiiinvl-cagr  winding  on  the  field  where 
the  spacing  of  the  bars  in  the  polos  was  too  close  to  that  of  the 
slots  in  the  annaitirr.  Curve  25  is  the  wave  with  the  squirrel- 
cage  ^^'inding  removed.  Curve  2(>  is  the  wave  with  squirrel-cage 
winding  in  place  and  magnetic  wedges  in  the  armature  slots. 
Unfortunately  this  wave  had  to  be  taken  at  about  three-fourths 
voltage,  on  accoimt  of  the  heat  generated  in  the  wedges  at 
voltages  api)roaching  the  normal.  Curves  27  and  28  are  ex- 
amples of  gfK)(l  waxes  of  synchronous  mcAors  with  squirrel-cage 
xvindings. 

Potential  waves  taken  anywhere  that  differences  of  potential 
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Exploring  Coil  in  Field.    I'osimI 
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Curve  12. — Potential 
Wavb — No  Load. 
Delta  connected,  6000 
kv-a..  50  cycles.  250 
rev.  per.  min.,  three- 
phase.  2300  volts,  long 
distance  transmission  in 
system  of  30.000  lew. 


CuRVB  13. — Potential 

Wave — No  Load. 

across  One  Phase. 

2400  kv-a..  60  cycles.  360 

revj^per.  min.,  three-phase. 

1 1 ,000  volts.    ( Amortisseur 

windings). 


Curve  14. — Potential 

Wave — No  Load. 

ACROSS  Two  Phases. 

2400   kv-a..    60   eyelet. 

360  rev.  per.  min..  three- 

phase,       11.000        volts. 

(Amortisseur  windings.) 


18-lO/B 


Curve  17. — Potential 

Wave — No  Load. 

8400    kv-a.,    50    cycles. 

three-phase,    11,000  volts. 

3  i  slots  per  phase  per  pole. 


Curves    18   and    19. — 
Potential   Waves — 

No  Load 
No.  18— Curve  A,  star 
connected.  No.  19 — Curve 
B.  delta  connected  2100 
kv-a..  60-cycle.  three- 
phase  generator. 


Curve    20    —    Osullo- 

GRAMS — No  Load. 

Open  Delta. 

Upper  curve,   potential 

across  one  phase.     Lower 

curve,     potential      across 

open  delU.     1260     kv-a.. 

60  cycles.  4000  volts. 


22-23 


24  f 


Curve    21.    —   Oscillo- 
grams— No  Load. 
Closed  Delta. 
Upper  curve,    potential 
across  one  phase.     Lower 
curve,      potential      across 
closed  delta.     1250  kv-a.. 
60  cycles .  4000  volts. 


Curves     22     and     23. — 
Potential  Waves 
No    Load 
Two     generators     with 
neutrals   grounded,  three- 
phase.  25  cycles.  9000  volts. 
A.   7000  kv-a..  B.  11.000 
kv-a. 


Curve  24. — Potential 

Wave — No  Load. 

700    kv-a.,    60    cycles. 

synchronous  motor. 

squirrel     cage     windings. 

three-phase.  13.200  volts. 
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curvk  25. — poteniial 

Wave.  No  Load. 

700     kv-a..    60    cycles. 

BynchronouB  motor, 

■qnisrel     cage     removed, 

three-phase.  13.200  volts. 


CiTRVK  26. — Potential 
Ways.  No  Load,  at 

9500  VOLTS. 
700    kv-a..    60     cycles, 
synchronous  motor, 

squirrel  cage  winding 
three-phase.  13.200  volts, 
magnetic  wedges. 


Ci'RVE  27. — Potential 

Wave — No   Load 
90     kv-a..     60     cycles, 
synchronous   motor,   with 
squirrel      cage      winding, 
three-phase.  220  volts. 


Curve  28. — Potential 

Wave  —  No  Load. 
450    kv-a..    60    cycles, 
synchronous  motor,  three- 
phase.  480  volts,   squirrel 
cage  winding. 


Curve  29. — Potential 

Wave      between 

Shaft  and  Bearing. 

4500   kv-a..    25    cycles. 

2200        volt,     two-phase. 

generator. 


Curve  30. — Current 
Wave    between 
Shaft  and  Bear- 
ing. 
9375    kv-a..    60     cycle, 
three-phase.  5000  volts. 


Curve  31 — Potential 

Wave  on  Explorinc 

Coil.  Spanning  12 

Teeth  —  Flll 

Polk  Pitch. 

1400  kv-a..  50  cycles. 

thrce-phaso.  10.000  volls. 


Ci:rvb  32. — Potkntial 

Wave  on  Exploring 

Coil,  Spanning  1 

Tooth  of  12  Slots 

per  Pole 

1400  kv-a..  SOcycles. 

three-phase.   10,000  volts. 


Curve  34. — Potential 

Wave  —  Full  Load 

Unity  Power  Pact  or 

18  kv-a.,  25  cycles.   750 

rev.  per  rain.,  three-phase, 

110  volts — pole  face  71  in. 

radius 
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are  found  to  exist  are  often  useful,  as  are  those  on  special  coils 
made  for  the  purpose.  Curve  29  shows  potential  between  shaft 
and  bearing,  where  currents  in  the  bearings  were  causing  injury. 
Curve  30  shows  current  wave  on  a  different  machine.  Curve  31 
IS  the  potential  across  a  special  exploring  coil  located  in  slots 
an  exact  pole  pitch  apart,  or  spanning  12  teeth.  Curve  32  is  the 
potential  between  two  adjacent  slots  as  determined  by  a  special 
coil  wound  around  one  tooth  in  the  same  12  slots  per  pole  arma- 
ture. Curve  33  is  potential  on  a  special  coil  located  in  the  inner- 
most slots  of  a  cylindrical  rotor  (field)  of  a  steam-turbine  gener- 
ator when  carrying  the  single-phase  load,  and  shows  the  double- 
frequency  e.m.f .  induced  in  the  field  when  single-phase  armature 
reaction  is  not  compensated. 

The  general  effect  of  load  on  a  generator  is  to  broaden  slightly 
the  top  of  the  wave,  bending  it  to  the  left  and  making  it  somewhat 
imsymmetrical.  An  inductive  load  tends  to  smooth  out  the 
harmonics,  a  condenser  load  to  emphasize  them.  Curve  34, 
full-load,  unity  power  factor,  should  be  compared  with  Curve  5, 
the  no-load  wave.  Curves  35  and  36  show  two  curves  each,  one 
pair  at  no  load,  the  other  at  full  load.  Curves  37-48,  inclusive, 
show  the  distribution  of  the  flux  in  the  magnetic  field  in  an  860- 
kv-a.,  60-cycle  synchronous  motor  under  different  conditions,  as 
generator  or  motor,  at  50  per  cent  and  100  per  cent  load,  unity 
power  factor,  0.8  lagging  and  0.8  leading,  the  potential  waves  in 
all  cases  being  taken  on  a  special  coil.  These  waves  are  badly 
saw-toothed  or  affected  by  harmonics.  This  is  due  to  the  fact 
that  they  represent  the  potential  of  a  special  coil  located  in  two 
slots  only  (see  Curve  31).  The  100  per  cent  unity  power  factor 
load  waves  are  shown  on  the  same  oscillograms  as  the  no-load 
(Curves  37  and  38) .  This  is  simply  for  convenience  of  compari- 
son. The  spacing  between  the  two  curves  has  no  relation  to  the 
angular  displacement  produced  by  load.  Curves  49  and  50  are 
the  potential  waves  at  the  terminals  of  the  armature  winding 
itself,  of  the  same  machine,  for  the  no-load  and  100  per  cent  load, 
unity  power  factor  conditions.  Curves  51  and  52  show  the 
damping  effect  on  harmonics  of  a  unity  power  factor  load  in  the 
case  of  an  induction  motor  tested  as  generator,  where  the  definite- 
wound  secondary  was  used  for  the  direct-cturent  excitation. 

The  worst  distortion  of  potential  wave  is  caused  by  leading 
current  or  condenser  single-phase  load,  as  a  rule.  Curves  53 
and  54  show  the  effect  of  such  a  load,  consisting  of  \radet^o\rcA 
cable  under  high-potential  test.     On  the  other  \vaxvA,  a.  '^oot 
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kv^.,  so  cycka.  1800  nv. 
par.  mln.  IhtH-phuw,  2300 


kv-s..  eo 
SSio  volt 


CURVB    37. — POTBKTIAL 

Waves  on  SxrLOUHC 
Coil— No-LoAD,  and  100 
psa  cKNi  Load — Uwit* 
PoWM  Factok. 

880     kv-t.     SO     Cftla, 
thRt-pha)c.  2300  volu. 


— IIMIIY    POWKK     Paciob. 

8fi0     kv-a..     no    ejiles. 
thne-phau.  23IM  vnlis.  si 
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wave  at  no  load  may  show  a  pretty  good  wave  with  single-phase 
condenser  load.  Curves  55  and  56  illustrate  this.  The  neces- 
sity for  providing  compensating  windings  in  the  field  to  obtain 
good  waves  with  single-phase  leading  current  is  shown  in  Curves 
57-59,  inclusive.  The  compensating  windings  were  not  connected 
in  for  Curve  58.  Curves  60,  61  and  62  are  interesting  as  show- 
ing to  what  extent  the  single-phase  double-frequency  flux  may 
be  eliminated  by  a  squirrel-cage  winding  serving  as  compensa- 
ting coils. 

There  is  considerable  deviation  from  sine  wave  in  many  of 
the  synchronous  machines  in  commercial  service.  Some  of  them 
in  operation  for  fifteen  or  twenty  years,  have  waves  as  ragged  as 
Curve  55,  which  was  taken  on  a  standard  belt-driven,  60- 
cycle,  three-phase  generator.  Curves  63  and  64  show  the  no- 
load  potential  of  two  standard  60-cycle,  three-phase,  11,000- 
volt  generators  of  slightly  different  ratings  and  speed.  Curves 
65  and  66  show  the  waves  of  two  generators,  widely  different 
in  certain  features  of  design,  which  are  operating  in  a  system  of 
over  100,000  kw.  Curve  67  is  the  wave  of  an  older  type  of  gener- 
ator operating  for  several  years  in  parallel  with  other  generators 
of  quite  different  potential  waves  in  a  system  of  approximately 
20,000  kw.  The  poles  of  this  generator  were  originally  chamfered 
in  a  manner  similar  to  that  shown  in  Curve  2.  The  machine  was 
very  noisy  when  brought  to  test.  The  chamfer  on  poles  was 
changed,  with  a  decided  improvement  in  the  matter  of  noise. 
Many  high-potential  synchronous  motors  with  waves  showing 
pronounced  harmonics  have  been  operating  for  years.  Curve 
68  was  taken  on  a  motor  where  several  are  in  service  on  a  25- 
cycle  long-distance  transmission  of  approximately  30,000  kw. 
Approximately  25,000  kw.  of  motors  with  waves  as  in  Curve  69 
are  operating  on  a  60-cycle  system,  a  long-distance  transmission 
of  35,000  kw.  Curves  70  and  71  show  waves  of  star-connected 
generators  that  operated  in  parallel  for  several  years  without 
grounded  neutral.  Curves  72  and  73  show  rather  tmusual 
examples  of  star-  and  delta-connected  generators.  Several  ma- 
chines of  each  type  in  different  places  have  been  in  service  for 
nearly  ten  years.  Ciuve  74  is  the  wave  of  a  4800-kv-a.  generator 
in  a  system  of  about  25,000  kw.  Curve  75  belongs  to  a  plant  of 
24,000  kw*  feeding,  through  step-up  transformers,  a  60,000-volt 
transmission.  Curve  76  is  the  wave  of  a  generator  operating 
with  others  of  different  design  on  a  system  of  approximately 
10,000  kw.     Curve  77  was  taken  on  a  generator  operating  on  a 
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Curve  44. — Potbntial 
Wave  on  Exploring 
Coil — 60  per   cent 
Load — 0.8  Power 
Factor  Leading. 
MO    kv-a.,    00    cycles, 
three-phase.  2:M)0  volts,  as 
motor. 


Curve  46. — Potential 

Wave  on  Exploring 

Coil   —    100   per 

CENT  Load  —  0.8 

Power  Factor 

Lagging. 

800    kv-a..     60    cycles. 

three-phase.  2300  volts,  as 

generator. 


Curve  46. — Potential 

Wave  on  Exploring 

Coil  —   100  per 

CENT    Load — 0.8 

Power  Factor 

Lagging. 

860    kv-a..     60    cycles. 

three-phase.  2300  volts,  as 

motor. 


Curve  47. — Potential 

Wave  on  Exploring 

Coil   —    100    per 

cent  Load  —  0.8 

Power  Factor 

Leading. 

860    kv-a..     60    cycles. 

three-phase.  2300  volts,  as 

generator. 


Curve  48. — Potential 

Wave  on  Exploring 

Coil   —    100   per 

CENT  Load  —  0.8 

Power  Factor 

Leading. 

860    kv-a..     60    cycles. 

three-phase,  2300  volts,  as 

motor. 


CtntVE  49. — Potential 
Wave  —  No  Load. 
860      kv-a..    60   cycles, 
three-phase.  2300  volts. 


Curve  50. — Potential 

Wave — 100  per  cent 

Load     —     Unity 

Power  Factor. 
Motor-generator  com- 
bination of  a  pair  of 
machines.  860  kv-a.,  60 
cycles,  three-phase,  2300 
volts. 
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Curve  61. — Potential 
Wave — No    Load. 

0  kv-a..  60  cycle,  three 
phase,  induction  motor,  as 
generator,  with  d-c.  exci- 
tation from  all  three 
phases  of   secondary. 


Curve  52. — Potential 
Wave    —    100    per 

CENT  Load. 
9  kv-a.,  00  cycle,  three- 
phase,  induction  motor,  as 
generator,  with  d-c.  excita- 
tion from  all  three  phases 
of  secondary. 


Curve  63. — Potential 
Wave  —  No  Load. 
00  kv-a..  26  cycle.  600 
volt,    three-phase  genera* 
tor. 


Curve  54. — Potential 
Wave.  Single  Phase. 
Condenser  Load. 
90  kv-a..  26  cycle.  500 
volt,   three-phase    genera- 
tor. 


Curve  66. — Potential 
Wave  —  No  Load. 
36     kv-a..     60     cycle. 

1160     volt,     three-phase 

generator. 


Curve  66. — Potential 

Wave  —  Single 

Phase — Condenser 

Load. 
36-kv-a.,  60-cycle. 

1160-volt.        three-phase, 
generator. 


Curve  57. — Potential 
Wave — No    Load. 
50    kv-a..  60  cycle,  cyl- 
indrical     rotor,      sin^e- 
phase  alternator. 


Curve  68. — Potential 
Wave  —  Condenser 

Load. 

60     kv-a..     60     cycle. 

cylindrical    rotor,    sing^ 

phase  altemator-compen- 

sating  coUa  in  field  inactive 
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Ci/'RVB  60. — Potential 

WaVB  —  CONDBNSBR 

Load. 

60     kv-a.,     00     cycle. 

cvUndrical    rotor,      mnglc 

pDAse  alternator,  conii>en- 

ating  coils  in  field  active. 


Curve  00. — Potential 
Wave  —  No  Load. 
026     kv-a..     80     cycle. 
2100     volt,      single-phase 
generator. 


Curve  01. — Oscillo- 
grams, Unity  Power 
Factor,       Three- 
phase  Load. 
Upper      carve,      arma- 
ture      current.       Middle 
curve,      armature      volt- 
age.   Lower    curve,    field 
current.     (Upper     curve, 
separate     exposure)     025 
kv-a.,  80  cycle.  2100  volt, 
single-phase   generator. 


Cl/Rvb  02.  —  Oscillo- 
grams. 100  PER  cent 
Load,  Unity  Power 

Factor. 
Upper  curve,  arma- 
ture current.  Middle 
curve,  armature  volt- 
age. Lower  curve,  field 
current. 


Curve  63. — Potential 
Wave  —  No  Load. 
000  kv-a.,  00  cycle,  000 

rev.  per.  min..  three-phase, 

11.000  volts. 


Curve  04. — Potential 
Wave  —  No  Load. 
050  kv-a..  00  cycle.  514 
rev.      i>er.     min..     three- 
phase.  11,000  volts. 


Curve  65. — Potential 

Wave — No  Load. 
4500  kv-a..  25  cycle.  250 
rev.  per.  min.,  two-phase. 
2200  volts,   external   field 
generator. 


Curve  00. — Potential 

Wave — No    Load. 
4500     kv-a..    26    cycle. 
260   rev.    per    min..    two- 
phase,  2200  volt,  internal 
field  generator. 
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Curve  67. — Potbntial 
Wavb  —   No  Load. 
2400  kv-a..  60  cycle.  106 

rev.  per  min.,  two-phase. 

6000  volts. 


Curve  68. — Potential 
Wave  —  No  Load. 
2100     kw..     25     cycle, 
three-phase,       13,200-volt 
synchronous    motor. 


Curve  69. — Potential 

Wave — No  Load. 
2100    kw..       60    cycle. 
three-phaie .      1 1 .000- volt 
synchronous  motor. 


Curve  70. — Potential 
Wave  —   No  Load. 
7000    kv-a..    00    cycle, 
three-phase.    rt900-voft 
generator. 


Curve  71. — Potential 
Wave  —  No  Load. 
7000    kv-a..   60    cycle, 

three-phase.     tt900-volt 

generator. 


Curve  72. — Potential 
Wave  —   No  Load. 
2800    kv-a.,    25    cycle, 
three-phase.      13,200-volt 
generator.  star     con- 

nected. 


Curve  73. — Potential 
Wave  —  No  Load. 
4200    kv-a..    60    cycle, 
three-phase.     2300      volt 
generator;       delta       con- 
nected. 


Curve174. — Potential 
Wave  —  No  Load. 
4800    kv-a..    60    cycle. 

three-phase,     13,200-volt, 

generator. 
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CUBVB  76. — POTBNTIAL 

Wave  —  No  Load. 

3000  kv-a..  60  cycle, 
three-phase.  2300  volt 
generator. 


CURVB   76. — POTBNTIAL 

Wave  —  No  Load. 

2400  kv-a..  25  cycle, 
three-phase.  3000  volt 
generator. 


CURVB  77. — POTKNTIAL 

Wav«    — No   Load. 
4200    kv-a..    60    cycle, 
three-phase.  lljUOO   volts. 


CuRVB  78. — Potential 
Wavb  —  No    Load. 
3600    kv-a..    40   cycles. 

three-phase.     4400      volt 

generator. 


Curve  79. — Potential 
Wave  —   No  Load. 
12.000  kv-a..    00  cycle, 

three-phase.     11.000    volt 

generator. 


Curve  80. — Potential 
Wave  —  No  Load. 
3000    kv-a..    60   cycles. 
360  rev.  per    min.,  three- 
phase.    fi600-volt    genera- 
tor. 


Curve  81. — Potential 
Wave  —  No  Load. 
3000  kv-a..  00  cycle.  1G4 

rev.  per  min.,  three-phase. 

6900  volta. 


Curve  82. — Potential 
Wave  —  No  Load. 
3000    kv-a..    60    cycle. 
133  rev.  per    min.,  three- 
phase.  2300  volts. 
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Curve  83. — Potential 
Wave  —  No  Load. 
3600   kv-a..    60    cycles, 
three-phase.  4000  volts. 


Curve  84. — Potential 

Wave  —  No  Load. 
9000    kv-a..    25    cycle. 
375  rev.  per    min..  three- 
phase,    6600-volt    genera- 
tor. 


Curve  85. — Potential 

Wave  —  No  Load. 
9000  kv-a.,      25  cycle. 
750  rev.  per    min..  three- 
phase.  13.200  volto. 


Curve  86. — Potential 

Wave  —  No  Load. 
5555    kv-a.,    25    cycle, 
1500  rev.  per   min.,  three- 
pha8e.tl3.200;volts. 


Curve  87. — Potential 
Wave  —  No  Load. 
14.000  kv-a..  60  cycle. 
720  rev.  per    min.,  three- 
phase.  4600  volts. 


Curve  88. — Potential 
Wave  —   No  Load. 
2500    kv-a..    25    cycle, 
1500  rev.  per   min.,  three- 
phase,  2300  volts. 


Curve  89. — Potential 
Wave  —  No  Load. 
9375    kv-a..    60    cycle. 
1800  rev.  ^et   min..  three- 
phase,  50(N)  volts. 


Curve  90. — Potential 
Wave  —   No  Load. 
9375    kv-a..    30    cycle. 

1800  rev.  per  min.,  three- 

phase.  72(X)  volts. 
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system  extending  over  a  vast  area  with  several  generating  plants. 
Curve  78  is  the  wave  of  a  generator  in'one  plant  of  a  30,000-volt 
transmission  of  15,000  kw.  Curve  79  is  the  wave  of  a  generator 
in  a  50,000-kw.  plant  stepping  up  to  100,000  volts.  Curves  80, 
81  and  82  show  waves  of  3000-kv-a.  60-cycle  generators  of  three 
different  speeds.  Curve  83  shows  the  wave  of  a  generator  of  the 
same  design,  in  most  of  its  parts,  as  that  of  Curve  81.  C\uve  84 
is  the  wave  of  generators  in  a  large  hydroelectric  plant. 

In  connection  with  cylindrical  rotor  generators  with  uniform 
air  gap  the  distributed  field  winding  serves  the  same  purpose  as 
the  shaping  of  pole  in  shading  the  flux  in  air  gap.  This  class  of 
machines  has  the  advantage  of  a  greater  distribution  of  the  arma- 
ture winding.  Curves  85-90,  inclusive,  are  examples  of  steam- 
turbine  generators  of  comparatively  recent  'designs.  Curve  86 
is  on  a  generator  at  750  rev.  per  min.  and  is  not  quite  so  good  as 
Curve  86  on  a  1500-rev.  per  min.  generator  of  the  same  potential, 
13,200  volts,  and  same  periodicity,  25  cycles.  Although  the 
latter  is  of  smaller  capacity,  it  has  the  advantage,  in  the  matter  of 
potential  wave,  of  a  greater  distribution  of  windings  in  both 
armature  and  field. 

The  ratings  used  in  this  paper  are  on  the  single  or  continuous 
rating  basis.  Consequently,  the  ratings  on  the  name-plates  of 
the  generators  do  not  in  all  cases  agree  with  those  here  used. 


A  Pcptr  prtitfUtd  at  the  Midwinter  Conven- 
tion of  the  American  Institute  of  Electrical 
Engineers,  New  York,  February  28.  1913. 

Copyright,  1913.     By  A.  I.  E   E. 


WAVE   FORxM    DLSTORTIONS   AND   THEIR    EFFECTS 

ON  ELECTRICAL  APPARATUS 


BY    P.    M.    LINCOLN 


While  the  general  question  of  wave  shapes  has  given  rise  to 
comparatively  little  discussion  among  operating  engineers,  it 
has  received  considerable  attention  from  those  interested  piu*ely 
in  the  theoretical  side  of  electric  engineering.  It  has  been  in  the 
past  a  question  that  has  attracted  the  theoretical  man  and  student 
rather  than  the  practical  operating  man.  The  reason  for  this  is 
not  far  to  seek.  It  lies  in  the  fact  that  the  average  operating 
engineer  has  but  a  faint  conception  of  what  the  shapes  of  his 
e.m.f .  and  current  waves  are  really  like.  This  lack  of  knowledge 
is  due  to  two  reasons:  First,  to  the  fact  that  there  is  no  ready 
and  inexpensive  method  of  determining  wave  shapes.  Deter- 
mination of  wave  shapes  requires  the  use  either  of  an  oscillograph 
or  some  point-by-point-contact  method,  either  of  which  is  rather 
expensive,  and  difficult  of  operation,  as  compared  to  an  ammeter, 
voltmeter,  wattmeter,  power  factor  meter,  etc.,  that  are  every-day 
tools  of  the  operating  engineer.  Second,  and  more  important, 
this  lack  of  knowledge  of  wave  shapes  on  the  part  of  the  operating 
engineer  is  due  to  the  fact  that  he  rarely  has  had  reason  to  sus- 
pect that  any  of  his  troubles  can  be  traced  to  wave  shape,'  and 
whatever  is  free  from  trouble-breeding  has  but  little  direct  interest 
to  him.  The  only  interest,  therefore,  that  attracts  the  average 
operating  engineer  to  the  study  of  wave  shapes  is  piu*ely  a  scien- 
tific one,  and  as  a  rule  this  is  not  a  sufficient  incentive  to  cause  him 
to  spend  the  time  and  money  that  such  a  study  would  entail. 
The  fundamental  truth  in  the  old  saying  "  what  we  don't  know, 
doesn't  hurt  us"  is  undoubtedly  at  the  bottom  of  his  indiflFerence 

in  this  matter. 
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This  indifference  is  more  or  less  justified,  since  there  are  but 
few.  cases  o.n  record  where  distortion  of  wave  forms  has  actually 
given  rise  to  difficulties.  It  is,  however,  quite  possible  that  wave 
shape  distortion  may  cause  serious  trouble  in  electric  circuits, 
and  it  is  the  object  of  this  paper  to  discuss  the  question  of  wave 
form  in  some  of  the  aspects  that  the  operating  engineer  might  be 
expected  to  meet  in  the  discharge  of  his  regular  duties. 

The  sine  form  of  wave  has  always  been  recognized  as  the  stand- 
ard. The  reason  for  recognizing  the  sine  rather  than  some  other 
shape  of  wave  as  the  standard,  is  sufficiently  obvious  and  so  well 
known  as  to  need  no  discussion  in  this  paper.  Unforttmately, 
however,  not  all  wave  shapes  are  of  the  sine  form.  As  is  well 
known,  any  electrical  wave,  no  matter  how  much  distorted,  CMiy 
be  viewed  as  being  made  up  of  a  pure  sine  wave  of  fundamental 
frequency  upon  which  are  superposed  other  pure  sine  waves  of  a 
higher  frequency,  usually  called  harmonics.  That  is,  any  shape 
of  wave  may  be  taken  as  being  made  up  of  a  mtiltiplicity  of  pure 
sine  shapes. 

The  origin  of  all  the  wave  shapes  which  occiu*  in  any  alterna- 
ting-current system  lies  in  the  shape  of  the  e.m.f .  wave  of  the 
generators.  The  shape  as  determined  by  the  generator  may  be 
modified  by  other  synchronous  apparatus,  as  will  be  indicated 
later  in  this  paper. 

The  Standardization  Rules  of  the  Institute  state  that  the 
generator  e.m.f.  waves  shall  not  depart  from  the  sine  shape  by 
more  than  10  per  cent.  The  present  form  of  the  rule  is  not  en- 
tirely satisfactory,  since  it  does  not  penalize  the  higher  frequency 
harmonics  as  much  as  they  deserve.  A  10  per  cent  deviation 
on  the  part  of  one  of  the  higher  harmonics  is  admittedly  more 
dangerous  than  the  same  deviation  on  the  part  of  a  lower 
harmonic,  but  the  existing  rule  docs  not  recognize  this.  A 
modification  of  the  existing  rule  so  as  to  obtain  such  a  recognition 
is  desirable. 

Current  waves,  as  a  rule,  deviate  from  the  sine  form  much 
more  than  e.m.f.  waves.  There  are  various  kinds  of  circuits 
through  which  the  e.m.f.  of  a  generator  may  cause  a  current  to 
circtilatc.  These  may  be  classified  as,  first,  pure  resistance; 
second,  pure  inductance;  third,  pure  capacity,  and  fourth,  any 
combination  of  these  three,  cither  in  shunt  or  in  series.  Arc 
lighting  and  rectifier  circuits  are  not  considered. 

The  influence  of  these  various  kinds  of  circuits  on  the  current 
wave  that  is  caused  by  a  ^veiv  form  of  e.m.f.  wave  will  be  as 

follows: 


19131  LINCOLN:     WAVESHAPES  767 

First,  a  pure  resistance  will  have  no  eflFect  whatever  upon  the 
current  wave;  that  is,  the  shape  of  the  current  wave  will  be  exactly 
the  same  as  the  e.m.f .  wave  which  causes  it. 

Second,  a  pure  inductance  will  tend  to  dampen  out  the  higher 
harmonics  in  the  current  wave.  If  we  have  a  pure  inductance, 
therefore,  we  may  expect  that  the  current  wave  will  be  less 
distorted  than  the  e.m.f.  wave  which  causes  it.  The  dampening 
out  of  the  higher  harmonics  is  in  proportion  to  the  value  of  the 
harmonics.  For  instance,  the  third  harmonic  in  the  e.m.f .  wave 
will  be  reduced  to  one-third  value  in  the  resulting  current  wave, 
the  fifth  e.m.f.  harmonic,  to  one-fifth  in  the  current  wave, 
the  seventh,  to  one-seventh,  etc.  This  result  follows  immediately 
from  the  consideration  that  the  impedance  offered  by  a  piure 
inductance  increases  directly  as  the  frequency. 

Third,  the  effect  of  a  capacity  is  exactly  opposite  to  that  of  an 
inductance.  It  tends  to  exaggerate  the  harmonics  in  a  current 
wave  resulting  from  a  given  e.m.f.  wave.  Also,  the  amount  of  the 
exaggeration  is  in  exact  proportion  to  the  order  of  the  harmonic. 
The  third  harmonic  appears  in  the  current  wave  as  three  times 
its  value  in  the  e.m.f.  wave;  the  fifth  harmonic,  as  five  times,  and 
the  seventh  harmonic,  seven  times,  etc.  For  this  reason  the 
current  waves  that  are  taken  by  any  condenser,  such  as,  for  in- 
stance, an  empty  transmission  line,  are  as  a  rule  very  much 
distorted. 

Fourth,  a  complex  circuit  consisting  of  any  possible  combina- 
tion of  the  above  simple  circuits  may  have  its  current  wave  either 
smoothed  out  or  exaggerated,  depending  upon  the  predominance 
of  the  particular  kind  of  impedance  contained.  The  unloaded 
transmission  line  is  about  the  only  kind  of  pure  capacity  that  is 
met  with  in  practical  work.  All  other  circuits  are  made  up  of 
resistance  and  inductance  only.  Further,  in  most  operating 
circuits,  inductive  reactance  predominates  over  resistance,  so 
that  there  is  a  tendency  to  smooth  out  the  ciurent  waves.  This 
applies,  of  course,  only  to  circuits  with  pure  resistance  and  induct- 
ance, which  is  not  the  case  when  synchronous  apparatus  is  in 
use,  nor  when  saturation  of  iron  circmts  exists  in  the  inductance, 
as,  for  instance,  in  transformer  magnetizing  cvurents. 

The  most  important  case,  so  far  as  distortion  of  wave  forms  is 
concerned,  is  in  a  circuit  which  contains  synchronous  apparatus, 
such  as  synchronous  motors  or  converters,  and  such  a  circuit  is 
not  included  in  the  foregoing  classification.    Ciicm\;s  cotv\;dAmxi^ 
pure  resistance,  inductance  or  capacity,  or   complex.  citoxVC^ 
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containing  any  combination  of  these,  have  no  inherent  wave  fonn 
of  their  own;  they  receive  whatever  wave  form  is  applied  to  them 
and  their  action  in  modifying  the  generator  wave  form,  if  any, 
is  an  indirect  one.  All  synchronous  apparatus,  however,  has  a 
distinctive  wave  form  of  its  own  which  may  be  very  different  from 
the  generator  wave  form,  and  usually  is  at  least  slightly  different. 
Not  only  is  the  shape  of  the  current  wave  affected  by  the  presence 
of  synchronous  apparatus,  but  also  the  e.m.f .  waves  of  both  the 
generator  and  the  synchronous  apparatus.  The  final  wave  form 
is  the  resultant  of  the  action  of  all  the  synchronous  apparatus 
on  a  given  system. 

Perhaps  the  best  way  of  studying  this  matter  is  to  assume  a 
concrete  case  and  study  that  case  in  detail.  Let  us  assume, 
therefore,  that  we  have  a  generating  system  that  has  a  pure  sine 


Fig.  1 


wave  as  indicated  in  curve  A,  Fig.  1.  Let  us  assume,  further, 
that  we  have  operating  on  this  system  a  synchronous  motor 
that  has  a  distorted  wave  form  as  shown  in  curve  B,  Fig.  1.  In 
this  case  the  distortion  of  wave  B  is  made  up  by  superposing  a 
third  harmonic  of  10  per  cent  and  a  fifth  harmonic  of  10  per  cent 
on  a  fundamental  sine  wave  of  99  per  cent.  When  harmonics 
are  superposed  on  a  fundamental  the  effective  value  of  the  result- 
ant wave  is  the  square  root  of  the  sum  of  the  squares  of  the  effec- 
tive values  of  the  various  component  sine  waves.  Thus  the  eflFec- 
tive  value  of  ctuve  B  is 

V  (99)«  +  (10)«  +  (10)«  =  100 

The  eflFective  value  of  curve  B  is  therefore  exactly  the  same  as  A . 
Let  us  assume  further  that  the  synchronous  motor  with  wave 
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shape  B  has  zero  losses  and  that  its  field  adjustment  is  such  that  its 
voltage  before  being  synchronized  is  exactly  the  same  as  the 
supply  circuit.  If  it  were  not  for  the  difference  in  wave  forms, 
these  assumptions  would  restdt  in  no  current  flow  in  the  motor, 
since  it  would  oppose  an  e.m.f .  exactly  equal  and  opposite  to  the 
supply  e.m.f.  at  every  instant.  However,  with  differing  wave 
forms  shown  in  Fig.  1,  this  is  far  from  the  case.  Inspection  will 
show  at  once  that  there  are  instantaneous  e.m.fs.  in  the  motor 
wave  that  are  entirely  unopposed  by  the  e.m.f.  of  the  generator 
wave.  From  our  assumptions  as  to  the  amounts  of  wave  form 
differences  it  follows  that  the  value  of  the  unopposed  fimdamental 
frequency  is  one  per  cent,  and  of  the  third  and  fifth  harmonics 
10  per  cent  each.  If  there  is  no  deformation  of  either  the  genera- 
tor or  motor  waves,  the  only  thing  that  will  oppose  the  flow  of 
current  due  to  these  imopposed  e.m.fs.  will  be  the  impedance  of 
the  circuit  composed  of  generator  armature,  motor  armature, 
leads,  cables,  etc.  The  inductive  reactance  of  such  a  circuit  is 
so  large  as  compared  with  its  resistance  that  the  flow  of  current 
is  governed  by  inductive  reactance.  Currents  will  therefore  flow 
due  to  these  e.m.fs.,  and  the  value  of  this  current  is  directly  in 
proportion  to  the  amount  of  this  differential  e.m.f.  and  inversely 
proportional  to  its  frequency.  Suppose  we  assiune,  further,  that 
normal  voltage  at  fundamental  frequency  will  cause  fifteen  times 
full-load  current  to  flow  in  the  motor  armature  and  that  the 
motor  is  small  compared  to  the  system  upon  which  it  operates. 
The  differential  e.m.fs.  between  ctuves  A  and  B  will  then  give 
rise  to  a  fimdamental  frequency  current  of  15  per  cent,  a  third 
harmonic  current  of  50  per  cent  and  a  fifth  harmonic  current  of 
30  per  cent,  or  a  total  residtant  current  of  over  60  per  cent  of 
fidl-load.  Although  the  assimiptions  made  would  restdt  in  no 
ctuxent  flow  if  the  wave  shapes  were  the  same  in  motor  and 
generator,  the  assumed  difference  in  wave  shapes  gives  rise  to  a 
circulating  current  of  60  per  cent  of  full-load.  Fig.  2  indicates 
the  theoretical  shape  of  the  current  wave  residting  from  these 
assiuned  conditions.  It  will  be  seen  that  the  current  wave  is 
made  more  distorted  than  either  of  the  voltage  waves  of  which  it 
is  the  resultant. 

A  soiurce  of  considerable  error  in  our  theoretical  calculations 
is  the  assimiption  of  a  constant  fixed  inductance  in  the  armature 
circuits  of  both  motor  and  generator.  This  assimiption  is  not 
strictly  true,  since  the  inductance  will  vary  to  a  considerable 
extent,  depending  on  the  angular  position  of  the  field. 
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The  reluctance  of  the  magnetic  path  for  the  flux  set  up  by  the 
armattue  current  varies  with  the  position  of  the  field;  sometimes 
the  minimum  air  gap  between  pole  face  and  armature  is  included 
in  the  magnetic  path  and  sometimes  the  much  larger  gap  of  the 
interpolar  space  is  included.  This  cyclic  variation  of  leluctance 
may  give  rise  to  a  still  ftirther  distortion  of  the  circulating  cur- 
rents. 

In  the  foregoing  it  is  assumed  that  the  inherent  wave  forms  of 
both  motor  and  generator  remain,  unaffected  by  the  currents 
that  circulate  in  their  armatures.  This  is  far  from  being  an 
admissible  assumption.  In  the  modem  synchronous  machines, 
full  load  cturent  in  the  armature  has  some  50  per  cent  to  100 
per  cent  of  the  magnetomotive  force  of  normal  field,  that  is,  the 
field  that  gives  normal  voltage  at  no  load.  It  is  at  once  apparent, 
therefore,  that  the  instantaneous  value  of  the  current  that  circu- 
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Fig.  2 


latesjin  the  armature  of  a  synchronous  machine  has  a  ver}'  consid- 
erable influence  over  the  magnetic  flux  at  that  instant  and  thereby 
over  its  wave  form.  For  instance,  look  at  the  condition  that  is 
shown  in  Fig.  2.  Here  the  effective  value  of  the  current  is,  as  we 
have  seen,  60  per  cent  of  full-load  and  hence  it  has  a  value  in 
setting  up  magnetic  fluxes  in  the  magnetic  circuit  of  the  synchron- 
ous motor  equal  to  30  per  cent  to  60  per  cent  of  the  normal  field. 
The  actual  field  strength  at  any  instant  is  of  course  the  resultant 
of  all  the  magnetizing  forces  acting  at  that  instant,  and  hence  the 
variation  in  field  strength  from  instant  to  instant  will  be  very 
considerable.  The  direction  of  this  field  form  variation  will  of 
course  be  such  as  to  oppose  the  flow  of  armature  current  which 
produces  it. 

Therefore  the  inductive  reactance  of  the  armature  circuit  is 
not  the  only  influence  that  limits  the  flow  of  current  due  to  dif- 
ferences in  e.m.f.  wave  forms.    The  relative  values  of  these  two 
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influences  will  depend  to  a  large  extent  upon  the  construction 
of  the  field  of  motor  or  generator.  As  we  have  seen,  superposed 
harmonics  in  the  armature  circuit  will  tend  to  cause  rapid 
fluctuations  in  the  magnetic  fluxes  of  our  motor.  If  the  construc- 
tion of  the  field  is  such  that  there  is  little  opposition  to  these 
fluctuations,  they  will  extend  throughout  the  entire  magnetic 
circuit.  If,  however,  as  is  usually  the  case,  the  field  structure  is 
provided  with  **  dampers,"  there  will  be  ciurents  set  up  in  these 
dampers  tending  to  oppose  the  fluctuation  on  the  magnetic 
circuit.  The  net  result  of  the  harmonic  in  the  armature  current 
and  the  current  that  circulates  in  the  dampers  will  be  a  **  station- 
ary wave  "  of  magnetomotive  force  that  will  tend  to  superpose, 
on  the  normal  field  form,  a  harmonic  flux  of  the  same  order  of 
frequency  as  that  in  the  armature  current.  This  harmonic  in  the 
field  flux  produces  a  harmonic  in  the  resulting  e.m.f.  wave,  as 
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Fig.  3 

has  been  ably  shown  by  Professor  C.  A.  Adams  in  various  papers 
that  he  has  presented  before  the  Institute. 

A  striking  example  of  how  an  e.m.f.  wave  may  be  distorted 
by  the  effect  of  armature  current  recently  came  to  the  writer's 
attention.  A  9000-kw.  three-phase  transformer  was  under  test. 
The  magnetizing  current  required  amounted  to  some  500  or  600 
kv-a.  and  the  iron  loss  to  some  60  or  70  kv.  The  test  was  being 
run  from  a  750-kv-a.  generator.  The  behavior  of  the  transformer, 
particularly  in  regard  to  noise,  led  to  an  investigation  of  the 
wave  forms.  Fig.  3  shows  both  the  e.m.f.  and  current  waves  that 
were  taken  by  the  transformer.  Fig.  4  shows  the  open-circuit 
e.m.f.  wave  form  of  the  generator.  It  seems  almost  unbelievable 
that  this  amount  of  armature  current  could  cause  a  distortion 
in  the  e.m.f.  wave  from  that  shown  in  Fig.  4  to  that  shown  in 
Fig.  3,  but  this  is  an  actual  determination  of  wave  forms,  not  a 
theoretical  one. 

This  750-kv-a.  generator  has  nine  slots  per  pole  and  its  air 
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gap  is  only  about  40  per  cent  of  the  width  of  one  slot.  This 
condition  gives  rise  to  quite  a  noticeable  tooth  ripple.  A  care- 
ful analysis,  however,  shows  that  this  wave  contains  compara- 
tively small  harmonics.  The  third  and  fifth  are  approximately 
two  per  cent  each,  and  no  other  harmonic  reaches  a  value  of 
one  per  cent.  The  17th,  19th  and  21st  vary  from  0.6  to  0.95 
per  cent  and  apparently  make  up  the  ripple. 

Subsequent  tests  on  this  transformer  were  carried  out  on  a 
5000-kv-a.  generator  with  an  open-circuit  e.m.f.  wave  form  as 
shown  in  Fig.  5.  Both  e.m.f.  and  current  wave  when  exciting  the 
9000-kv-a.  transformer  are  shown  in  Fig.  6.  In  this  case  the 
generator  is  so  large  that  the  exciting  current  for  the  9000-kv-a. 
transformer  causes  practically  no  distortion. 

In  this  connection,  it  may  be  well  to  call  attention  to  a 
fundamental  difference  in   the    action   of    an    a-c.    generator 


Fig.  4 


as  compared  with  a  synchronous  converter.  This  ftmda- 
mental  difference  must  necessarily  result  in  circulating  cur- 
rents of  higher  harmonic  frequencies.  An  a-c.  generator,  as 
we  have  seen,  has  a  pronounced  armattu"e  reaction.  This 
armature  reaction  may  be  resolved  into  two  components, 
one  of  which  is  demagnetizing  to  the  degree  that  the  generator 
carries  wattless  or  inductive  load,  and  the  other  cross-magnetizing 
to  the  degree  that  the  generator  carries  true  or  real  load.  The 
demagnetizing  component  causes  some  field  distortion  and  there- 
fore wave  form  distortion,  on  account  of  the  fact  that  the  field 
form  caused  by  the  magnetizing  action  of  the  armature  windings 
is  of  a  different  shape  from  that  caused  by  the  field  windings. 
The  cross-magnetizing  effect,  however,  causes  a  much  more 
marked  distortion  of  the  field  form,  since  it  causes  a  marked 
decrease  in  magnetic  flux  at  one  pole  tip  and  a  marked  increase 
at  the  other.  It  is  the  cross-magnetizing  effect,  therefore,  that 
causes  the  most  pronounced  field  form  distortion  and,  therefore, 
wave  distortion.    This  ctoss-ma^etizing  effect  is  entirely  absent 
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in  synchronous  converters,  and  therefore  their  wave  forms  do 
not  become  modified  due  to  true  load  in  the  same  manner  as 
a-c.  generators.  As  the  true  load  on  an  a-c.  generator  varies,  its 
wave  form  may  be  distorted.  There  is  no  equivalent  distortion 
of  the  wave  forms  of  the  synchronous  converters  with  changes 
in  their  loads.     It  follows,  therefore,  that  there  must  be  some 
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Fig.  5 


circulating  currents  of  higher  harmonics  in  order  to  compensate 
for  this  modification  in  generator  wave  form. 

It  is  the  writer's  opinion  that  the  distortions  of  current  waves, 
particularly  in  the  currents  that  circulate  between  synchronous 
apparatus,  are  of  greater  magnitude  than  ordinarily  supposed. 
It  is  evident  that  any  distortion  in  the  current  wave  is  reflected 
to  some  extent  in  the  e.m.f.  wave.    There  is  no  particular  harm 


Fig.  6 


resulting  from  these  distortions  except  that  the  losses  are  some- 
what increased. 

The  effect  of  superposed  higher  harmonics  in  current  and  volt- 
age waves  so  far  as  the  standard  types  of  meters  are  concerned, 
deserves  some  discussion.  The  standard  types  of  voltmeters, 
ammeters  and  wattmeters  are  not  appreciably  affected  by  wave 
form.  This  holds  true  no  matter  whether  the  actuating  principle 
is  magnetic  attraction  or  heating.    Each  type  integra\.es  ov^t  \Xv^ 
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wave  so  as  to  obtain  an  indication  depending  on  the  r.m.s.  or 
effective  value. 

Frequency  meters  of  the  vibrating  reed  type  are  unaffected, 
since  they  respond  to  the  fundamental  frequency  only.  The  type 
that  balances  the  ptdl  of  a  current  through  a  resistance  against 
that  of  a  current  through  an  inductance  is  subject  to  a  slight 
error,  since  the  current  due  to  the  higher  harmonics  is  partially 
suppressed  by  the  inductance.  The  greatest  error,  however, 
may  be  expected  in  the  power  factor  meter.  The  standard  power 
factor  meter  is  simply  a  device  that  measures  the  angle  of  lag  or 
lead  between  a  voltage  and  a  current.  A  moment's  consideration 
will  show  that  this  angle  may  be  zero  and  still  the  power  factor 
of  the  circuit  be  far  from  unity.  Suppose,  for  instance,  we  con- 
sider the  condition  shown  in  Fig.  2.  Here  we  have  at  no-load  a 
circulating  current  of  60  per  cent  of  normal  fidl  load.  Even  if 
we  had  fidl  load  on  the  motor  and  adjusted  the  field  so  that  a 
power  factor  meter  showed  100  per  cent,  we  would  still  have  the 
60  per  cent  current  (or  at  least  that  part  of  it  caused  by  the  third 
and  fifth  harmonics — ^by  far  the  larger  part) ,  shown  in  Fig.  2,  super- 
posed on  the  current  that  represents  true  energy.  One-himdred 
per  cent  power  factor  is  that  condition  where  the  kilovolt-amperes 
and  the  kilowatts  are  equal — ^have  a  ratio  of  unity — and  it  is 
manifest  that  this  condition  can  never  occur  unless  the  e.m.f. 
and  current  waves  not  only  have  no  angular  displacement  but 
also  are  of  identical  shapes.  A  power  factor  meter  recognizes 
the  angiilar  displacement  but  does  not  recognize  differences  in 
wave  shape.  This  is  a  matter  that  should  be  borne  in  mind  when 
determining  power  factor  with  a  power  factor  meter. 

In  conclusion,  we  may  summarize  as  follows: 

First,  actual  knowledge  of  the  extent  of  wave  form  distortions 
existing  on  the  average  a-c.  system  is  largely  lacking.  Second, 
with  the  exception  of  empty  high-voltage  transmission  lines, 
the  usual  circuit  that  does  not  contain  synchronous  apparatus 
has  a  tendency  to  smooth  out  the  harmonic  in  a  current  wave  that 
is  caused  by  a  given  e.m.f.  wave. 

Third,  when  two  synchronous  machines  of  different  wave 
forms  are  operated  on  the  same  circuit,  harmonics  in  the  current 
waves  are  bound  to  appear  and  these  currents  have  a  marked 
tendency  toward  modifying  the  e.m.f.  waves  of  all  the  synchron- 
ous apparatus  through  which  they  circulate. 

Fourth,  the  indication  of  power  factor  meters  cannot  be  taken 
at  face  value  when  harmonic  currents  flow. 
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A  PROPOSED  WAVE  SHAPE  STANDARD 


BY  CASSIUS  M.  DAVIS 


The  present  wave  shape  standard  states  that  **  a  maximum 
deviation  of  the  wave  from  sinusoidal  shape  not  exceeding  10 
per  cent  is  permissible,"  where  the  deviation  has  to  be  determined 
by  measurements  from  an  oscillogram  or  a  wave  form  determined 
from  a  wave  meter. 

The  objections  to  this  standard  may  be  summarized  thus: 

1.  The  use  of  an  oscillograph  or  a  wave  meter  is  required ;  often 
neither  is  available. 

2.  It  is  necessary  to  measure  a  large  number  of  ordinates  on 
the  wave  form,  from  which  the  equivalent  sine  wave  is  calculated. 

3.  The  position  of  minimum  difference  between  the  distorted 
wave  and  its  sine  equivalent  must  be  determined  either  by  re- 
peated trial  calculations,  or  by  plotting  the  equivalent  sine  wave 
on  a  separate  sheet  which  can  be  applied  to  the  distorted  wave 
and  the  minimum  difference  measured.  As  a  rule,  in  practical 
work,  little  attention  is  paid  to  the  position  of  minimum  differ- 
ence. 

4.  The  results  obtained  discriminate  in  favor  of  the  higher 
harmonics.  For  instance,  consider  a  voltage  wave  that  consists 
of  a  fundamental  and  17th  harmonic  of  10  per  cent  amplitude. 
The  equivalent  sine  wave  is  almost  identical  with  the  funda- 
mental and  the  deviation  is  approximately  10  per  cent.  If  this 
wave  be  impressed  upon  a  circuit  containing  dielectric  capacity, 
as  in  the  case  of  a  transmission  line,  the  capacity  current  does  not 
consist  of  the  fundamental  and  10  per  cent  17th  harmonic,  but 
has  the  fimdamental  and  170  per  cent  17th  harmonic.  Again,  if 
a  voltage  wave  consists  of  a  fundamental  and  3rd  harmonic 
of  10  per  cent,  while  the  equivalent  sine  wave  is  still  nearly 
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identical  with  the  fundamental  and  the  deviation  is  about  10 
per  cent,  yet  its  capacity  current  into  a  condenser  consists  of  100 
per  cent  fundamental  and  a  30  per  cent  3rd  harmonic.  In  the 
first  instance  the  effective  value  of  the  current  is  197  per  cent, 
based  on  the  ftmdamental  of  current,  while  in  the  second  case  the 
effective  value  is  about  105  per  cent  on  the  same  basis,  and  in 
both  cases  the  deviation  of  the  voltage  wave  is  the  same.  If 
these  same  voltage  waves  be  impressed  upon  an  inductive  circuit 
the  opposite  effect  is  produced  and  the  currents  have  a  larger 
effective  value  when  lower  harmonics  are  present.  Now,  however, 
the  effective  values  tend  to  approach  100  per  cent  and  the  dis- 
tortion does  not  become  so  important. 

To  overcome  the  above  objections,  a  revision  of  the  rule  govern- 
ing permissible  wave  shape  distortion  is  suggested  which  shall  take 
into  account  the  various  harmonics  of  a  wave  in  proportion  to 
the  maximum  effect  which  they  respectively  can  produce. 

The  objection  noted  under  (4) ,  relative  to  the  increase  of  capac- 
ity current  taken  by  a  condenser,  serves  as  the  basis  for  one 
way  of  determining  wave  shape  distortion.  The  capacity  current 
of  a  condenser  is  proportional  to  the  frequency  and  the  applied 
e.m.f . ;  thus  when  a  distorted  voltage  wave,  consisting  of  a  funda- 
mental and  its  harmonics,  is  impressed  upon  a  condenser,  the  effec- 
tive current  is  greater  than  for  a  sine  wave  of  the  same  effective 
value,  and  furthennore,  it  is  greater  in  a  definite  proportion  the 
greater  the  amplitude  and  the  frequency  of  the  harmonics.  In 
other  words,  the  apparent  reactance  of  a  condenser  is  less  on  a 
distorted  wave  than  it  is  on  a  sine  wave.  Thus,  we  may  meastu^ 
wave  shape  distortion  by  the  ratio  of  the  reactance  of  a  given 
condenser  on  a  sine  wave  to  the  reactance  of  the  same  condenser 
on  the  distorted  wave,  and  the  permissible  wave  shape  distortion 
may  be  defined  by  assigning  a  definite  value  to  the  ratio.  This 
method  of  determining  the  distortion  takes  into  account  all 
harmonics  in  exact  proportion  to  their  amplitudes  and  frequencies, 
and  gives  a  measure  of  the  maximum  effect  which  a  distorted 
wave  can  have  on  a  circuit. 

Since  the  harmonics  which  are  liable  to  occur  in  electrical 
apparatus  are  of  smaller  amplitude  the  higher  their  order,  it  is 
possible  to  say  that  their  probable  amplitude  is  expressed  as 
a/n  per  cent  of  the  fundamental,  where  n  is  the  order  of  the 
harmonic  and  a  is  a  constant.  If  we  assign  a  value  to  the  distor- 
tion ratio  mentioned  above,  and  assume  there  are  a  given  number 
of  harmonics  present,  a  has  a  definite  value.    It  is  only  necessary 
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then  to  determine  the  distortion  ratio  which  is  permissible  in 
commercial  electrical  apparatus  to  fix  a  fair  value  for  a.  This  has 
been  done  in  a  preliminary  way  and  the  average  of  tests  on  22 
commercial  alternators  gives  a  distortion  ratio  of  1.135,  which, 
assuming  there  are  five  odd  harmonics  present  besides  the  funda- 


TABLE  I. 
Values  of  a  for  the  first  m  conRccutive  odd  harmonics. 


8 

m 

1 

2 

3 

4 

5 

6 

7 

1.05 

0.342 

0.236 

0.191 

0.163 

0.146 

0.133 

0.123 

1.10 

0.493 

0.340 

0.274 

0.236 

0.210 

0.191 

0.176 

1.16 

0.615 

0.423 

0.341 

0.293 

0.261 

0.237 

0.219 

1.20 

0.724 

0.497 

0.400 

0.343 

0.305 

0.278 

0.255 

mental,  gives  a  a  value  from  0.242  to  0.246. 

The  constant  a  has  a  series  of  values  depending  upon  which 
five  harmonics  are  present.  The  accompanying  Table  I  shows 
the  values  which  a  may  have  when  there  are  the  first  tn  odd 
harmonics  present,   and   Table   II  gives  the  values  of  a  when 


TABLE  II. 
Values  of  a  for  the  last  m  consecutive  odd  harmonics,  assuming  the  25th  to  be  the 
highest  probable  harmonic  in  commercial  generating  apparatus. 


d 

' 

m 

1 

2 

3 

4 

5 

6 

7 

1.05 

0.320 

0.227 

0.185 

0.160 

0.143 

0.131 

0.121 

1.10 

0.459 

0.324 

0  265 

0.229 

0.205 

0.187 

0.174 

1.15 

0.568 

0.402 

0.328 

0.284 

0.254 

0.232 

0.216 

1.20 

0.664 

0  470 

0.383 

0.332 

0.297 

0.271 

0.251 

Notb:     Attention  is  called  to  the  fact  that  for  a  given  number  of  harmonics  the  values 
of  a  lie  within  relatively  narrow  limits,  as  may  be  noticed  by  comparing  Tables  I  and  II 


there  are  the  last  m  odd  harmonics  present,  assuming  the  25th 
as  the  highest  probable  harmonic  present  in  commercial  waves. 
Where  the  distortion  ratio  is  to  be  determined  on  alternators, 
and  other  apparatus  subject  to  load,  it  should  be  measured  at  no 
load.  It  is  recognized  that  any  load  may  change  the  wave  shape; 
but  since  its  character  may  vary  widely,  no  definite  conditions 
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can  be  specified  under  which  a  load  distortion  ratio  might  be 
taken.  With  a  load  of  sjmchronous  machines,  no  specification 
of  the  generator  wave  shape  can  be  made,  as  it  depends  more  or 
less  on  the  wave  shape  of  the  sjmchronous  motor  or  converter, 
and  in  such  a  case  the  wave  shapes  of  the  generator  as  well  as 
the  synchronous  motor  or  converter  would  have  to  be  considered; 
the  wave  shape  of  the  circuit  being  a  combination  of  the  two. 

On  non-inductive  load  the  wave  shape  is  generally  rather 
inmiaterial;  on  inductive  load  it  is  more  sinusoidal,  due  to 
the  suppression  of  higher  harmonics  by  the  reactance,  hence 
an  exaggeration  of  wave  shape  distortion  over  that  observed 
at  no-load  can  be  expected  only  from  a  load  with  leading  current, 


TABLE  III. 
Amplitudes  of  harmonics  for  various  values  of  a.    Values  are  in  per  cent. 


1 

a 

XlMlZlAOIllC         ~ 

0.20 

0.25 

0.30 

0.35 

1 
r 

3rd 

6.67 

8.33 

10.00 

11.67 

5th 

4.00 

5.00 

6.00 

7.00 

7th 

2.86 

3.67 

4.29 

5.00 

9th 

2.22 

2.78 

3.34 

3.89 

1         11th 

1.82 

2.27 

2.73 

3.18 

;         13th         1 

1.54 

1.92 

2.31 

2.69 

15th 

1.33 

1.67 

2.00 

2.34 

17th         i 

1   18 

1.47 

1.76 

2  06 

19th 

1.05 

1.32 

1.58 

1.84 

21st 

0.95 

1.19 

1.43 

1.67 

!         23rd 

0.87 

1.09 

1.30 

1.52 

25th 

■ 

0.80 

1.00 

1.20 

1.40 

as  a  transmission  line  or  cable  system.  As  the  proposed  method 
of  wave  shape  specification  by  the  current  flowing  in  a  condenser 
exaggerates  the  distortion  of  the  no-load  wave  in  the  same  manner 
as  a  leading  current  load  does,  the  proposed  method  specifies 
the  no-load  wave  shape  in  such  a  manner  as  to  give  weight  to 
the  probable  distortion  which  may  be  expected  with  a  leading 
current  load,  and  thus  appears  to  make  wave  shape  tests  under 
load  unnecessary.  It  is  difficult  to  load  large  machines  non- 
inductively,  impractical  to  load  them  inductively  and  almost  im- 
possible to  give  them  a  condenser  load.  Therefore  the  proposed 
method  of  wave  shape  specification,  which  in  the  no-load  wave 
gives  the  maximum  distortion  probable  under  any  kind  of  load, 
appears  especially  suitable. 
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The  apparatus  necessary  to  measure  voltage  wave  shape  dis- 
tortion is  very  simple.  It  may  consist  of  a  portable  set  made  up 
of  a  condenser,  a  reactive  coil  and  a  transformer  with  various 
taps,  and  connected  as  indicated  in  Fig.  1.  The  voltmeter 
and  ammeter  readings  determine  the  condenser  reactance.  The 
reading  is  first  taken  when  the  double-pole  double-throw  switch 
is  in  position  1 ,  and  the  reactive  coil  is  in  series  with  the  condenser. 
This  gives  the  sine  wave  reading,  since  the  reactive  coil  damps 
out  the  harmonics  and  gives  practically  a  sine  wave  of  impressed 
e.  m.  f.  on  the  condenser.  Then  the  reactive  coil  is  cut  out  by 
throwing  the  switch  to  position  2,  and  the  condenser  reactance 
measured  with  the  distorted  wave  impressed  directly  upon  the 
condenser.  The  ratio  of  the  first  reactance  to  the  second  gives 
the  wave  shape  distortion  ratio.    The  transformer  is  necessary 
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Fig.  1 


here  in  order  to  give  approximately  the  same  voltage  across  the 
condenser  for  either  position  of  the  switch. 

By  a  convenient  arrangement  of  switches  and  transformer  taps, 
a  set  may  be  made  which  could  be  readily  applied  to  a  circuit 
of  any  frequency  and  voltage.  The  current  taken  by  the  set 
should  be  less  than  5  per  cent  of  the  full-load  current  of  the  ap- 
paratus under  test  in  order  not  to  distort  further  the  wave  which 
is  being  measured.  The  reactive  coil  should  be  large  enough  to 
damp  the  lowest  harmonic,  the  third,  to  at  least  2.2  per  cent  of 
its  fundamental,  for  if  it  is  above  this  value  the  distortion  ratio 
would  become  greater  than  1.002,  which  would  introduce  an 
appreciable  error. 

Of  course  this  method  of  determining  wave  shape  distortion 
does  not  show  which  harmonics  are  present,  and  where  this 
information  is  necessary  the  wave  form  must  be  found  by  the 
oscillograph  or  the  wave-meter,  and  analyzed. 
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The  accompanying  Figs.  2  to  4  show  a  few  of  the  more  distorted 
waves  which  have  been  measured  recently  by  both  the  present 
A.I.E.E.  method  and  that  proposed  in  this  paper. 

In  each  case  the  wave  has  been  carefully  analyzed  and  the 
theoretical  and  measured  distortion  ratios  compared.  Fig.  5 
shows  a  wave  which  has  an  exceptionally  large  distortion  ratio. 

Using  the  above  as  a  basis  the  following  are  suggested  as 


TABLE  IV 

List  of  alternators  upon  which  the  distortion  ratio  has  been  measured.  Values  taken 
at  full  voltage  and  no  load.  All  these  machines  have  a  frequency  of  from  40  to  62|  eydM, 
and  the  output  is  given  on  a  single  rating  basis. 


No.  of  phases 

Kv-a.  output 

No.  of  poles 

Voltage 

Ratio 

3 

1500 

24 

2300 

1.031 

3 

900 

36 

2300 

1.014 

3 

500 

48 

2300 

1.185 

3 

720 

60 

600 

1.010 

3 

1600 

14 

2300 

1.047 

3 

1200 

48 

600 

1.017 

3 

1440 

48 

2300 

1.008 

3 

700 

10 

2200 

1.030 

2 

1440 

24 

2300 

1.017 

3 

390 

48 

2200 

1.111 

2 

37r) 

12 

2300 

1.017 

3 

1350 

14 

11000 

2.360 

3 

375 

28 

2300 

1.002 

3 

4500 

12 

6600 

1.000 

3 

240 

18 

600 

1.030 

3 

28« 

10 

2300 

1.018 

3 

450 

48 

600 

1.034 

3 

300 

14 

2300 

1.022 

3 

675 

32 

600 

1.001 

3 

300 

60 

2300 

1.673 

3 

1200 

24 

2300 

1.238 

3 

1140 

30 

2200 

i.ooe 

substitutes  for  the  present  A.I.K.E.    Standardization  Rules  on 
Wave  Shape  Distortion: 

The  wave  shape  distortion  ratio  at  no-load  should  not  exceed  1.15, 
except  when  otherwise  specified. 

The  distortion  ratio  is  determined  by  impressing  the  wave  form  on  a 
suitable  condenser,  measuring  the  reactance  offered  by  such  condenser  to 
the  flow  of  current  and  comparing  this  reactance  to  the  true  reactance  of 
the  same  condenser  as  measured  with  a  sine  wave  of  current.  The  latter 
may  be  determined  by  measuring  the  condenser  reactance  on  any  wave 
shape  with  an  inductive  reactance  in  series,  having  less  than  10  per  cent 


Pig.  4.— Wave  Shape  of  Thhee-Phase,  10-Kv-a.,  Six-Pole,  120-Volt 
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power  factor  and  consuming  a  voltage  three  or  four  times  that  at  the  con- 
denser terminals.    The  distortion  ratio  is  the  fraction 

true  condenser-reactance 


condenser  reactance  on  distorted  wave 

Measurements  of  wave  shape  distortion  on  apparatus  should  be  made  at 
full  voltage  and  no-load. 

APPENDIX 

Derivation  of  Distortion  Ratio 

Let  Xo  =  true  reactance  of  condenser 
n  =  order  of  the  harmonic 
En  and  In  =  max.  values  of  voltage  and  current,  respectively, 

of  the  nth  harmonic 
E  and  /  =  effective  values  of  the  distorted  wave. 

Xc  =  apparent   reactance  of   the   condenser  on   the 

distorted  wave. 
d  =  distortion  ratio 

a  =  amplitude  constant  of  the  harmonics 
tn  =  the  number  of  harmonics  present  above   the 
fundamental. 


Then: 


E  =  Viz £7 
/  =  Vft  I 
E 
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THE    EXPERIMENTAL     DETERMINATION    OF    THE 

REGULATION  OF  ALTERNATORS 


BY   A.    B.    FIELD 


The  section  of  our  Standardization  Rules*  which  deals  with 
alternator  regulation  has  remained  in  force  practically  un- 
changed for  the  past  ten  years.  When  this  was  originally  drawn 
up,  it  was  generally  customary  to  specify  the  regulation  for  non- 
inductive  loads,  and  for  this  condition,  the  suggestions  contained 
in  the  rules  are  satisfactory ;  the  rules,  however,  are  not  explicitly 
restricted  to  non-inductive  loads,  and  when  at  a  later  date  the 
regulation  for  lower  power  factors  began  to  be  more  frequently 
the  subject  of  specification,  the  same  methods  of  computation 
from  test  results  were  naturally  followed.  It  has  been  somewhat 
of  a  superstition  for  many  years,  although  now  rapidly  dying  out, 
to  put  an  undue  importance  upon  the  regulation  of  a-c.  genera- 
ting apparatus,  upon  the  equality  of  regulation  of  machines  which 
are  to  run  in  parallel,  and  so  on.  It  is  now  well  recognized  that 
greater  adaptability  of  the  machine  to  occasional  operation  at  over- 
voltage,  excess  current,  and  lower  power  factors,  is  of  more  value 
than  a  comparatively  close  regulation,  the  combination  of  the 
two  properties  being  seldom  commercially  feasible.  Other  con- 
siderations also  have  arisen  which  call  for  higher  regulation 
rather  than  low.  As  an  illustration  of  the  earlier  attitude  may 
be  cited  the  fact  that  the  A.  I.  E.  E.  rules  for  the  determination 
of  the  regulation  have  been  accepted  readily  by  the  same  pur- 
chasers who  specify  closely  a  given  regulation  and  are  inclined 
to  base  acceptance  or  rejection  of  apparatus  upon  the  supposed 
regulating  qualities  within  a  narrow  margin,  although  the  real 

^Section  209  in  the  1907  and  1911  editions  and  Section  71  in  the  1902 

edition. 
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regulation  on,  say,  an  80  per  cent  power  factor  toad,  may  vary 
considerably  from  the  figure  anticipated  by  one  who  applies  the 
methods  of  Section  209,  and  the  variation  is  in  the  direction  of 
higher  r^ulation. 

To  review  the  situation  very  briefly,  let  us  consider  the  regu- 
lation at  zero  power  factor,  a  characteristic  more  easily  checked 
experimentally,  than  the  regulation  at  any  other  power  factor. 
According  to  Section  209,  we  obtain  the  zero  power  factor  satura- 
tion curve  from  the  no-load  saturation  curve  by  shifting  this  over, 
parallel  to  itself,  a  given  distance  horizontally,  the  vector  addi- 
tion of  excitations  being  the  same  as  arithmetical  addition  when 
the  power  factor  is  zero  (see  Fig.  1).  This  is  equivalent  to 
representing  the  effect  of  the  load  as  a  simple  demagnetizing 
action  on  the  field  magnets,  while  we  know  that,  to  put  it  at  its 


i 


g»CIT*TION 


EXC  TATlOW 


simplest,  we  have  the  combination  of  a  demagnetization  and  a 
reactive  voltage  drop,  which  would  suggest  moving  the  no-load 
saturation  curve  over  parallel  to  itself,  not  horizontally,  but  in 
an  inclined  direction,  the  inclination  being  determined  by  the 
ratio  of  reactive  drop  to  the  demagnetizing  action  (see  Fig.  2). 
It  should  be  noted  that  these  two  give  the  same  results  only 
for  a  no-load  curve  which  has  no  saturation  bend. 

As  a  matter  of  fact,  this  method  again  will  give  an  approxi- 
mately correct  result  only  when  the  percentage  pole  leakage  is 
small,  or  when  the  load  considered  produces  a  demagnetizing 
effect  upon  the  armature  which  is  small  compared  with  the 
ampere-turns  of  the  air  gap  and  teeth. 

To  obtain  a  closer  approximation  to  the  load  saturation  curve 
for  zero  power  factor,  deduced  from  the  no-load  and  short-cir- 
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cuit  curves,  we  must  lay  out  an  auxiliary  no-lo^d  saturation 
curve  with  increased  pole  leakage  (curve  C  in  Fig.  3)  and  move 
this  curve  parallel  to  itself  horizontally  by  an  amount  corfe- 
sponding  to  the  armature  demagnetizing  ampere-turns,  and 
vertically  downwards  by  an  amount  corresponding  to  the  arma- 
ture reactive  voltage  drop.  The  amount  of  pole  leakage  for 
curve  C  is  determined  approximately  by  considering  (^4)  the 
armature  demagnetizing  ampere-turns,  and  (B)  the  magnetizing 
ampere-turns  for  the  air  gap  plus  armature  laminations.  The 
ratio 

A  +  B 

— 5 —  is  the  factor  by  which  the  no-load  pole  leakage  is  to  be 

multiplied  in  order  to  obtain  that  for  curve  C  With  this  pro- 
cedtu^  the  experimentally  determined  zero  power  factor  satura- 
tion can  generally  be  checked  fairly  closely. 

As  a  matter  of  fact,  the  general  shape  of  the  load  saturation 
curve,within  the  range  that  we  are  usually  concerned  with,  closely 
resembles  that  of  the  no-load  saturation  curve;  that  is  to  say,  if 
the  curve  be  transferred  to  a  piece  of  tracing  paper  and  laid 
on  top  of  the  no-load  curve,  a  position  can  be  found  in  which 
they  nearly  fit  one  another.  This  indicates  that  by  using 
a  fictitious  armature  reaction  and  reactive  voltage  drop  for  the 
method  of  Fig.  2,  a  compromise  inclination  can  be  found  for 
the  direction  in  which  to  move  over  the  no-load  curve,  and  ob- 
tain the  zero  power  factor  curve.  If  the  curves  have  been  ex- 
perimentally determined,  the  inclination  can  be  found  readily, 
by  moving  the  load  curve  horizontally  to  the  left  till  it  passes 
through  the  origin,  thus  matching  the  no-load  curve  over  the 
initial  straight  part,  and  then  moving  it  up  in  the  direction  of  the 
initial  slope  until  the  higher  points  also  agree.  This  process  is 
followed  in  Fig.  4,  where,  taking  a  fairly  high  point  P  on  the  load 
curve,  we  set  out  P  Q  to  the  left,  equal  to  0  /?,  and  then  draw 
Q  S  parallel  to  the  initial  part  of  the  saturation  curve.  It  will 
be  fotmd  that  the  distances  between  the  two  curves  measured 
parallel  to  5  P  are  nearly  constant,  provided  we  do  not  push  the 
method  to  points  too  high  up  on  the  curves.  The  distance  0  R 
is  obtained  from  the  direct  short-circuit  curve  for  the  load  cur- 
rent in  question,  and  a  few  high  points  on  the  load  curve  enable 
us  to  construct  the  curve  fairly  well. 

It  should  be  noticed  that  the  actual  drop  in  voltage  on  induc- 
tive load,  with  a  given  saturation  and  a  short-circuit  curve,  de- 
pends upon  the  inclination  of  5  P,  and  therefore  is  not  deter- 
minate from  the   saturation   and   short-circuit  eotv«&  ^<cyc^<&. 
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Further  infonnation  is  required,  preferably  the  experimentally 
determined  saturation  curve  for  full-load  current  at  a  power  fac- 
tor nearly  zero.  To  illustrate  this  graphically,  there  are  given 
in  Fig.  5  the  no-load  and  short-circuit  curves  of  two  generators 
which,  when  plotted  to  suitable  scales,  practically  coincide. 
However,  the  pole  leakage  of  one  machine  is  a  more  prominent 
feature  than  in  the  case  of  the  second  machine,  and  we  have  a 
correspondingly  lower  load  saturation  curve.  Both  machines 
are  of  modem  type  and  construction  and  have  the  same  number 
of  poles,  and  the  curves  are  plotted  from  test  figures  slightly 
adjusted  to  bring  them  to  a  comparable  load  basis.    Itwill  beseen 
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that,  in  spite  of  the  coincidence  of  the  no-load  and  short-circuit 
curves,  the  zero  power  factor  curves  do  not  coincide,  except  on 

the  straight  parts  at  low  voltages. 

Recommendations 

This  memorandum  upon  regulation  has  been  written  merely 
to  introduce  a  discussion  upon  the  subject.  In  order  to  have  a 
definite  basis  to  start  from,  the  author  suggests  that  this  Insti- 
tute make  the  following  recommendations: 

1.  That  the  regulation  of  alternators  for  unity  power  factor  be 
specified  only  in  those  cases  in  which  the  actual  operation  of  the 
plant  may  be  expected  to  be  at  a  power  factor  very  near  unity, 
and  then  only  when  conditions  make  the  regulation  a  feature 
of  importance. 
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2.  That  for  alternators  which  are  to  operate  at  power  factors 
ol  85  per  cent  or  below,  it  should  be  recognized  that  the  actual 
value  of  the  regulation  (which  is  necessarily  high)  is  of  minor 
importance,  and  that  when  it  is  desired  to  specify  regulation  for 
power  factors  below  80  per  cent,  it  is  preferable  to  do  so  for 
power  factor  zero,  since  this  can  be  directly  checked  experiment- 
ally on  the  manufacturers*  test  floor  in  many  cases,  while  the 
regulation  at  higher  power  factors  cannot  be  so  checked,  except 
for  very  small  machines.  The  operating  regulation  will  always 
be  lower  than  the  zero  power  factor  regulation  for  a  given  ampere 
load. 

3.  That  when  it  is  desired  to  determine  experimentally  the  regu- 
lation at  a  given  load,  and  at  power  factors  between  unity  and 
zero,  for  machines  which  cannot  be  actually  loaded  at  the  desired 
power  factor,  it  is  preferable  to  do  so  from  the  experimentally 
determined  saturation  curves  for  no-load,  and  for  the  given 
ampere  load  at  zero  power  factor. 

4.  That  to  determine  the  load  saturation  curve  for  a  given 
power  factor  from  these  two  curves,  it  may  be  assumed,  for  un- 
compensated alternators,  that  at  any  excitation  value  the  drop 
in  voltage  between  no-load  and  zero  power  factor  load  is 
equivalent  to  a  reactive  drop,  which  may  be  treated  vectorially 
for  the  power  factor  in  question.  The  armature  ohmic  voltage 
drop  may  similarly  be  treated  vectorially,  but  generally  has  a 
negligible  effect  upon  the  regulation  at  power  factors  below 
unity. 

5.  That  for  the  experimental  determination  of  the  load  satura- 
tion curve  at  zero  power  factor,  any  power  factor  below  20  per 
cent  may  be  assumed  to  be  equivalent  to  power  factor  zero. 

Conclusion 

In  conclusion,  the  author  wishes  to  direct  attention  to  a  paper* 
on  this  subject  presented  ten  years  ago,  before  the  Institute,  in 
connection  with  the  revision  of  the  clauses  on  regulation  in  the 
Standardization  Rules.  That  paper  drew  attention  to  the  im- 
portance of  the  zero  power  factor  curve,  and  showed  the  relation 
between  this  and  the  no-load  saturation  as  outlined  above.  The 
revision  of  Section  209  can  advantageously  be  based  upon  the 
conclusions  submitted  there. 

^The  Experimental  Basis  for  the  Theory  of  the  Regulation  of  Alternators^ 
by  B.  A.  Behrend,  Transactions  A.  I.  E.  E.,  1903,  XXI,  p.  497. 
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REGULATION    OF    DEFINITE     POLE     ALTERNATORS 


BY    SOREN   H.   MORTENSEN 


The  question  of  determining  regulation  of  synchronous  genera- 
tors from  shop  tests  has  been  treated  by  various  authors  in  the 
past.*  In  most  cases,  it  is  hardly  practicable  to  determine  regu- 
lation under  actual  load  conditions.  As  an  alternative,  the 
American  Institute  of  Electrical  Engineers  has  recommended  a 
method  of  obtaining  regulation  from  no-load  saturation,  short- 
circuit  characteristics,  and  armature  resistance.  However,  this 
method,  as  has  been  proved,  gives  in  most  cases  incorrect 
results. 

The  object  of  this  i)aper  is  to  supply  data  collected  from  tests 
on  various  machines  sho\ving  that,  with  the  same  tests  as  needed 
for  the  A.  I.  E.  E.  method,  and  very  little  more  work,  approxi- 
mately correct  regidation  results  can  be  obtained  by  what  may 
be  called  the  '*  triangle  method."  In  it,  regulation  is  derived 
by  means  of  the  Kapp  diagram  from  a  full-load,  zero  power  factor 
saturation  curve,  which  in  turn  has  been  derived  from  a  no-load 
saturation  and  short-circuit  curve  with  the  aid  of  Potier's  tri- 
angle. 

The  tables  given  further  on  show  results  obtained  by  the  tri- 
angle and  the  A.  I.  E.  E.  methods,  as  compared  with  regulation 
derived  from  actual  full  load,  zero  power  factor  saturation  curve. 

To  determine  Potier's  triangle  for  a  machine,  when  its  no-load 
saturation  and  short-circuit  curves  are  known,  it  is  only  neces- 
sary to  calculate  the  magnetomotive  force  of  direct  armature 
reaction,  that  is,  the  back  ampere-turns  per  pole.     Armature 

♦B.  A.  Behrend      A.  I.  E.  E.  Transactions  Vol.  XXI    —1903,  p.  497 
Hobart  and  Punga        «  «  «    XXIII— 1904,  p.  291 

B.  T.  McCormick  «  «  «    XXIII— 1904,  p.  330 
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transverse  reaction  is  practically  zero  when  a  machine  is  run  on 
short  circuit.  The  armature  reactance  can  be  found  directly 
from  the  no-load  saturation  and  short-circuit  curves  as  shown  in 
Fig.  1  (7  X  component). 

The  generally  accepted  equation  for  magnetomotive  force  of 
direct  armature  reaction  under  purely  inductive  load,  zero  power 
factor,  may  be  expressed  as  follows : 

A  T  =  0,9  X  Ks  X  K^  X  Kd  X  sin(f>  X  N  X  I  X  T    (1) 
A  T  =  Reaction  (back  ampere-turns)  expressed  in  ampere- 
turns. 
Ks  =  Factor  for  fractional  stator  coil  pitch  same  as  for  e.m.f 

calculations. 
Kd  =  Distribution  factor  taking  into  account  number  of 
slots  per  pole  per  phase,  same  as  used  for  e.m.f 
calculations. 
*Km  =  Coefficient  of  direct  reaction. 
Sin  (f>  =  Factor  taking  into  account  that  displacement  between 
e.m.f.  and  short-circuit  current  is  not  quite  90  deg. 
due  to  short-circuit  stray  losses. 
N  =  Number  of  phases. 
/  =  Armature  current  per  phase. 
T  =  Number  slots  per  pole  per  phase 

_    ^o.  conductors  per  slot 


2  X  No.  circuits  of  arm.  wdg. 

For  practical  purposes,  we  may  substitute  mean  values  for 
several  of  the  factors  found  in  equation  (1)  without  committing 
any  appreciable  error,  as  variation  of  these  factors  is  small,  as 
shown  below. 

The  value  of  sin  <f>  was  determined  for  a  number  of  machines 
from  short-circuit  stray  loss  curve,  and  it  was  found  to  vary  be- 
tween 0.97  and  0.99. 

Km  is  a  function  of  the  ratio  -^. r—r-  which,    for   ma- 
pole  pitch 

chines  of  modern  design,  generally  will  fall  between  54  per  cent 
and  75  per  cent.  For  these  values  K^  would  vary  between  0.885 
and  0.78  if  the  pole  face  is  shaped  concentric  with  armature  bore. 
As  the  pole  face  is  frequently  chamfered,  these  values  have  to  be 
modified.    From  tests  on  numerous  machines  of  different  design, 

*For  derivation  of  Km  see  Kapp's  "  Dynamo  Machines  " — 1904. 
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it  has  been  found  that  a  mean  value  of  0.79  for  Km  gives  con- 
sistent results.  As  the  variation  in  the  value  of  the  distribution 
factor  Kd  for  three-  and  two-phase  machines  is  rather  small,  a 
value  oiKd  =  0.96  for  three-phase  machines,  and  Kd  =  0.92  mean 
for  two-phase  machines,  may  be  taken. 

Single-phase  machines  are  often  built  on  two-  or  three-phase 
annature  punchings,  by  leaving  certain  slots  empty.  Kd  thus 
varies  over  a  much  wider  range  than  is  the  case  for  two-phase 
and  three-phase  machines,  and  hence  no  mean  value  has  been 


field  excitation  n 
amp.turns  per  pole 

Fig.  1 


assumed.    By  choosing  average  values  as  indicated  above,  we 
thus  obtain  the  following  simple  equation  for  back  ampere- turns: 


A  T  =  2  I  Tior  three-phase  machines 

i4  r  =  1.3  /  r  for  two-phase  machines 

A  T  =  0.72  Kd  I  T  for  single-phase  machines 


(2) 
(3) 
(4) 


Using  the  above  equations  for  determining  Potler's  triangle, 
the  results,  shown  in  tables,  were  worked  up  from  tests.  The  full- 
load  saturation,  zero  power  factor  curve  was  determined  by  slid- 
ing triangle  along  the  no-load  saturation  curve  as  shown  in  Fig.  1. 
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Regulation  for  power  factors  given  in  Tables  A,  B  and  C  was 
then  derived  by  means  of  a  Kapp  diagram. 

For  machines  with  high  pole  densities  and  a  lai^e  field  leakage, 
the  triangle  method  will  give  more  favorable  regulation  results 
than  will  actual  tests,  since  in  deriving  the  load  saturation  curve 
from  no-load  saturation  and  short-circuit  curve,  no  conaderation 
is  taken  of  increased  field  leakage  due  to  load  conditions.* 

Pigs.  2  and  3  show  curves  from  machines  with  high  magnetic 
densities.     In  Fig.  2,  saturation  is  in  armature  iron,  and   here 


curves  from  triangle  method  and  test  check  each  other  closely. 
Fig.  3  is  from  a  machine  with  an  imusually  large  pole  density 

'Corrections  for  load  field  leakage  may  be  made  if,  before  applying 
triangle  method,  the  no-load  saturation  curve  is  replotted  for  a  field  leak- 
^e  of  a'  instead  of  IT  if 

ff'  =  field  leakage  flux   for  full-load  zero  power  factor  satu- 


And  further 


=  field  leakage  flu 


for  t 


>-load  I 


K  =  constant  depending  on  pole  pitch  and  shape 

A  T  =  armature  back  ampere-turns  from  equation  (1) 

Then   (T    =  K  X  am9CT^i-^.^\Tus  tot  Cair  gap   +  armature  iroi 

and  <r'  -  K  X  amp.-tww  lot  i^w  ^a.^  -V  mto-\^q^  -v  A  " 
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TABLB  A— FOR  THREE-PHASE   MACHINES 


Rating 

No. 

slots 

per 

Pole 
arc 

Regulation 

By  A.  I.  E.  E. 

Prom  full  load 

By  triangle 

pole 

pole 

method 

■at. 

curve 

method 

Kw. 

Volts 

Speel 

per 

pitch 

r.p.m. 

phase 

P.P.  1 

P.  F.0.8 

P.P.   1 

P.  F.0.8 

P.P.  1 

P.  F.  0.  8 

200 

2300 

1800 

4 

0.54 

11. 

23. 

11.2 

25. 

11.2 

25.2 

GOO 

G600 

300 

3 

0.62 

4.3 

15. 

6.5 

17.5 

6.2 

17.1 

18O0 

2300 

720 

3 

0.685 

9. 

21.8 

10. 

24. 

9.7 

23.6 

GOO 

2300 

150 

1 

0.60 

7.1 

17.4 

8.5 

24.2 

8.3 

23.4 

250 

480 

120 

2 

0.72 

8.3 

18.6 

11.4 

27. 

10.3 

25.5 

525 

2200 

500 

4 

0.54 

16.4 

31. 

18.2 

33.6 

17.6 

33. 

200 

2300 

200 

1 

O.Gl 

5.1 

19. 

8.3 

25.5 

8.2 

24.6 

200 

2300 

150 

2 

0.72 

11. 1 

25. 

13.5 

31.2 

12.5 

30. 

500 

11000 

100 

1 

0.66 

9.2 

21.8 

12  8 

28.2 

12.2 

27.8 

1000 

2300 

82 

1 

0.68 

6.4 

17.2 

7.9 

23.5 

7.6 

23. 

1750 

6600 

100 

2 

0.71 

6.      1     18.2 

11. 

22. 

9.9 

21.1 

1000 

!  2400 

180 

3 

0.66 

9.1   i     21. 

10.6 

26.2 

10.2 

25.2 

225 

2200 

900 

2 

0.55 

10. 

22.3 

11.8 

24.2 

11.7 

24.1 

G25 

2300 

300 

2 

0.702 

3.7 

11.5 

4.3 

16.6 

4.4 

16.7 

TABLE  B— FOR  TWO-PHASE   MACHINES 


Rating 


Kw. 

Volts 

500 

2300 

250 

1100 

420 

125 

125 

440 

lOUO 

2200 

700 

2300 

No. 

Regulation 

«int « 

n_i- 

per         arc         By  A 
pole  1    pole             mt 

I.  E.  E.      From  full  load  '      By  triangle 

thod               sat.    curve 

method 

Speed 

per 

pivcn  . "    ■  ■""■  ■■ 

r.p.m. 

phase                 P.  F.  1 

P.  F.0.85 

P.P.    1,  P.P.  0.85 

P.  F.  1 

P  F.  0.86 

120 

2      0.597      4.5 

15.6 

8.5 

19.5 

8. 

19.5 

120 

2      0.57        5. 

17. 

5.7 

20.5        5.9 

20.6 

240 

2     |0.64         16 

33. 

20       ;     38.           20 

38. 

277 

3      0.68     ,  8.5 

21.5 

9.1     '     24.8     1  8.7 

23.8 

500 

6      0.56        5. 

14.8 

5.4          16.5     '  6. 

17.3     : 

120 

2 

0.598      6i 

■ 

13.9 

8.7 

20.4 

8.6 

20.3 

TABLE  C— FOR  SINGLE-PHASE   MACHINES 


Kw. 


75 

90 

2G0 

160 

65 


No. 

Rating 

slots 

per 

pole 

Volts 

Speed 

per 

r.p.m. 

phase 

empty 

440 

250 

6—2 

2300 

900 

6—2 

2300 

150 

3—1 

2200 

200 

3—1 

2200 

277 

3—1 

Pole 

arc 

pole 

pitch 


0.66 
0.55 
0.60 
0.60 
0.62 


Refi^ulation 


By  A.  I.  E.  E. 
method 


P.  F.  1  P.  F.0.86 


2.7 
8.8 
3. 

11.7 
9.1 


12.2 

20. 

10.4 

24. 

20.2 


From  full  load 
sat.   curve 


P.P.    1  P.P.  0.86 


5.4 
11. 

6. 
16. 
14. 


17.9 

28. 

18. 

30. 

31.6 


By  triangle 
method 


P.  F.  1  P.P.  0.86 


6.9 
10.6 

6. 
16. 
14. 


18.2 
27.3 
17.9 
28.9 
31. 


\ 
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and  a  large  field  leakage.  Here,  field  leakage  due  to  ampere- 
tiims  compensating  armature  reaction  causes  the  load  saturation 
curve  to  lean  over  more  than  indicated  by  the  triangle  method. 
The  latter,  however,  is  more  accurate  than  the  A.  I.  E.  E.  method. 
In  general,  it  may  be  said  that  results  show  that  the  triangle 
method  gives  regulation  considerably  nearer  the  actual  than  does 
the  A.  I.  B.  E.  method.  Moreover,  the  triangle  method  is  so 
simple  as  to  be  easily  applied.  Data  for  use  in  equations  (2),  (3) 
and  (4)  can  be  taken  directly  from  a  winding  specification.  No- 
load  saturation,  short-circuit  curve,  and  armature  resistance  are 


flELD  EXCITATiOH. 

Fig.  3 


always  available,  and  the  graphical  operation  involved  to  get 
regulation  at  any  power  factor  is  as  simple  as  the  present  A.  I.  E.E 
method.  The  Kapp  diagram  can  be  simplified  if  the  influence 
of  ohmic  resistance  is  neglected.  Thi,s  can  be  done  in  most  cases 
without  impairing  the  accuracy  of  the  results. 

Thus,  it  would  seem  that  the  triangle  method  has  proved  itself 
sufficiently  accurate  and  also  simple  enough  to  be  practicable; 
it  might  therefore  be  considered  as  a  fitting  substitute  for  the 
present  A.  I.  E.  E.  method. 


4  pap0r  ptestmud  ol  tht  MidwinUr  Commh- 
Uon  of  lh§  Amtrican  ImtituU  of  EU^ical 
Enginetrs,  New  York,  February  28.  1913. 

Copyright,  1913.    By  A.  I.  B.  B. 


GENERATOR  AND  PRIME  MOVER  CAPACITIES 


BY  DAVID   B.    RUSHMORE   AND   ERIC  A.   LOF 


The  chief  distinctive  characteristic  of  electrical  apparatus 
is  that  its  capacity  is  limited  by  thermal  considerations.  Elec- 
trical generators  are  of  necessity  driven  by  prime  movers,  and 
the  combination  must  be  treated  as  a  single  unit  when  consider- 
ing the  questions  of  ratings  and  capacities.  Such  prime  movers 
as  steam  engines,  steam  turbines,  gas  engines  and  waterwheels 
have  various  limitations  regarding  their  output  which  must  be 
considered  in  connection  with  that  of  the  electric  generators 
they  are  driving.  The  proper  adjustment  of  ratings  for  genera- 
tors and  prime  movers  with  these  different  limitations  as  deter- 
mined by  the  conditions  of  service,  is  the  object  of  this  paper. 
In  direct-current  generators  the  limitation  imposed  by  commuta- 
tion has  almost  entirely  been  removed  by  the  use  of  interpoles. 
With  alternators  as  now  constructed,  the  limitation  of  output 
due  to  regulation  of  the  machine  is  but  seldom  found;  therefore 
the  question  of  heating  may  be  considered  as  the  important 
factor  for  consideration.  Under  certain  conditions  of  violently 
fluctuating  loads  or  intermittent  service,  the  questions  of  com- 
mutation and  regulation  may,  however,  become  of  considerable 
importance. 

The  capacity  of  an  alternator  is  limited  not  only  by  the  actual 
energy  load  which  the  machine  is  carrying,  but  also  by  the  power 
factor  of  such  load.  The  additional  heating  at  low  power 
factors  and  constant  power  is  due  to  the  wattless  component  of 
the  armature  current  and  also  to  the  additional  field  current 
necessary  to  counteract  it.  In  many  cases  it  is  possible  to 
predetermine  approximately  the  power  factor  under  which  the 
generators  will  operate,  and  the  special  design  to  meet  this 
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particular  condition  is  largely  desirable.  The  cun/es  in  Fig.  1 
show  the  different  conditions  of  load  and  power  factor  which 
will  produce  the  limiting  conditions  of  heating  in  an  inductor 
alternator.  The  synchronous  impedance  here  is  considered  to 
consist  almost  entirely  of  reactance. 

The  importance  of  the  proper  adaptation  of  capacities  of 
generators  and  prime  movers  is  emphasized  by  the  fact  that 
there  are  in  operation  in  many  stations  in  this  country  units  in 
which  the  output  is  unnecessarily  limited  by  an  improper  rating 


FlO.    1 — C'HAkAcTEKIsl 


ARMATURE  CURRENT 

URVES  OF  Induction  Alternator. 


or  design  of  either  the  generator  or  prime  mover.  The  generator 
may  be  designed  for  unity  power  factor  while  the  condition  of 
operation  may  be  the  power  factor  0.8,  in  which  case  only  a 
part  of  the  prime  mover  capacity  can  be  utilized.  In  not  a  few  in- 
stances in  hydroelectric  stations,  the  waterwheel  is  either  too  small 
or  too  large  for  the  generator  and  a  like  result  ensues.  In  some 
hydroelectric  plants  where  the  generators  are  installed  to  handle 
peak  loads,  this  maladjustment  of  ratines  is  a  necessity,  but  with 
most  of  the  larger  systems  ■\X  vs.  \iivcv«.w?.?a.-c-^  Vi  tvi.-&  -roajAaMS 


1913] 


CAPACITY  RATING 


797 


except  at  or  near  their  maximum  ratings.  In  the  past,  every 
effort  was  made  to  adjust  the  ratings  of  generators  to  the  load 
curves  and  we  had  25,  50  and  100  per  cent  overload  guarantees 
for  certain  apparatus.  Experience  and  better  load  conditions 
have  changed  this  to  a  maximum  rating  which  has  become 
possible  largely  through  the  growth  in  the  size  of  stations  and 
systems. 

The  speeds  of  engine-driven  units,  both  gas  and  steam,  have 
become  nearly  standardized,  and  turbine-driven  sets  are  rapidly 
approaching  the  same  condition.  With  waterwheel  units,  how- 
ever, the  situation  is  such  that  the  capacity  and  speed  of  the 
generator  is  often  determined  largely  by  the  hydraulic  condi- 
tions and  the  characteristics  of  the  waterwheel  which  is  to  be 
used. 

With  steam  engines  the  point  of  maximum  efficiency  is  rather 
marked,  as  shown  in  the  curve  of  Fig.  2,  and  the  ratings  are 
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Fig.  2 — Performance  Curve  of  8000-h.p.  Compound    Condensing 

Steam  Engine. 


usually  such  that  the  engine  is  working  under  its  most  economical 
load  at  the  rating  of  the  electrical  generator.  With  gas  engines, 
however,  the  efficiency  increases  with  the  load,  beyond  the  capac- 
ity of  the  engine,  as  shown  in  Fig.  3,  and  for  this  reason  the 
rating  of  the  engine  is  generally  made  as  nearly  as  possible  to 
its  maximum  capacity,  leaving  a  small  margin  for  regulating 
purposes.  With  the  steam  turbine.  Fig.  4,  the  efficiency  curve 
is  usually  so  fiat  that  it  is  a  question  of  desirable  overload  capac- 
ity which  limits  the  rating  of  the  turbine. 
,  In  the  waterwheel  unit,  the  efficiency  usually  falls  off  rapidly 
above  and  below  the  maximum  point,  so  that  the  rating  of  the 
generator  should  correspond  to  the  point  of  maximum  efficiency 
of  the  waterwheel.  Steam  engines  and  steam  turbines  are 
designed  to  operate  with  certain  variations  both  in  pressure 
of  the  steam  and  conditions  of  vacuum.  Gas  etv^tves  vkmsV 
accommodate  themselves  to  variation  in  the  quaWt^  ol  \)cv&  ^^as*. 
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With  the  watenvheels,  however,  by  far  the  large  majority  of 
installations  are  subject  to  a  change  in  head  which  varies  over 
a  wide  percentage.  In  many  of  the  low-head  installations  the 
back  water  may  bring  about  a  change  in  head  which  is  beyond 
the  capacity  of  one  wheel  to  accommodate,  and  in  some  plants 
additional  wheels  must  be  mounted  on  the  same  shaft  and  cut 
into  service  at  times  of  low  head.  One  particular  instance  of 
this  kind  is  the  plant  of  the  Chattanooga  and  Tennessee  River 
Power  Company,  where  the  head  may  vary  from  20  to  42  ft. 
(6.1  to  12.8  m.).  In  most  of  the  large  developments  this  change 
in  head  is  the  limiting  feature  in  the  design  of  the  waterwheel  as 
related  to  the  generator  capacity,  for  in  all  electrical  work  it  is 
necessary  that  the  speed  of  the  generator  be  kept  constant. 
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as  so  75  iiin 


per  cent  of  normal  full  load, 
Fig.  3 — Performance    Cukve    of    2000-h.p.    Gas    Engine 


Waterwheel  runners  of  different  designs  are  compared  on  the 
basis  of  their  sj«;cific  speeds.  The  specific  speed  of  a  water- 
wheel is  the  number  of  revolutions  per  minute  at  the  jioint  of 
maximum  efficiency  that  a  similar  wheel  will  give  when  it 
delivers  one  horse  power  under  one  meter  head.  By  comparison 
of  the  specific  sjx^ds  we  can  judge  of  the  characteristics  of 
wate^^vhccl  runners  without  respect  to  their  actual  speed,  power 
or  head.  A  high  specific  speed  means  a  high  actual  speed,  and  a 
low  specific  speed  means  a  low  actual  speed  in  revolutions  per 
minute.  For  this  reason  watcrwhcels  with  low  specific  speeds 
are  generally  used  with  high  heads  in  order  to  make  the  speed 
of  the  generator  within  the  ran^e  of  good  electrical  design. 

Waterwheels  with  high  specific  speeds  have  very  deep  runnfi 
vanes,  and  these  are  liable  to  erosion  under  high  heads;   also. 
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the  efficiency  curves  of  runners  of  high  specific  speed  are  more 
pointed  than  with  the  low  specific  speed  type,  and  this  allows  a 
narrower  margin  for  operation  under  the  best  conditions.  This 
is  clearly  shown  in  curves  in  Fig.  5. 

The  maximum  full-load  capacity  of  a  turbine  is  that  point 
beyond  which  the  output  decreases  with  an  increase  in  gate 
opening.  The  margin  between  the  point  of  maximum  efficiency 
and  of  maximum  capacity  depends  upon  the  specific  speed  of 
the  runner,  and  is  smaller  the  higher  the  specific  speed.  This 
is  illustrated  in  Fig.  5,  which  shows  that  as  the  specific  speed  is 
increased,  the  point  at  which  maximum  efficiency  occurs  ap- 
proaches nearer  to  the  power  delivered  at  fidl  gate  opening. 
The  specific  speed  may  thtis  be  increased  to  such  an  extent  that 
the  point  of  maximum  efficiency  and  maximum  output  coincide. 
With  low  heads  and  high  specific  speeds  it  is  therefore  desirable 
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Fig.  4 — Pebformance  Curves  of  5000-icv.    Steam  Turbo- 
Generator  Set 


to  operate  wheels  near  their  point  of  maximum  output,  and  to 
obtain  the  best  results,  the  generator  should  be  designed  giving 
consideration  to  this  point. 

Referring  again  to  the  curves  in  Fig.  5,  it  will  be  noted  that  the 
full-load  capacity  occurs  at  about  6  per  cent  above  normal  or 
rated  full  load  in  all  three  cases.  This  is  in  accordance  with  the 
general  practise,  the  margin  being  allowed  for  governing.  It 
is  also  noted  that  for  curves  B  and  C  the  efficiency  is  falling  ofE 
very  rapidly  at  6  per  cent  overload,  and  that  should  the  gate 
be  opened  still  further  the  output  would  reduce  instead  of 
increase.  If,  with  low  specific  speed  wheels,  as  represented  by 
curve  A,  the  gates  were  still  further  opened,  the  power  would 
continue  to  increase  to  some  extent. 

The  point  of  maximum  efficiency  for  wheels  represented  by 
curve  A  occurs  at  about  90  per  cent  of  normal  full  load,  in  the 
case  of  B  at  93.5  per  cent,  while  in  the  case  of  C  the  maximum 
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eflSciency  occurs  just  at  the  point  of  normal  or  rated  full  load. 
Thus,  as  stated  before,  the  power  at  which  the  maximum 
efficiency  occurs  approaches  nearer  to  full  load  as  the  specific 
speed  increases. 

With  high-head  wheels,  as  represented  by  curve  A,  the  effi- 
ciency remains  very  high  over  a  very  large  range  in  power, 
while  for  low-head  wheels,  curve  C,  the  efficiency  falls  off  rapidly 
as  the  power  is  reduced  below  the  normal  full  load.  For  this 
reason  it  is  desirable  to  run  low-head  wheels  under  practically 
full  load  conditions.  With  high-head  wheels  this  is  not  so  im- 
portant, as  the  efficiency  is  still  high  at  partial  loads.  With 
wheels  as  represented  by  curve  C,  it  is  also  necessary  to  allow 
some  margin  above  the  normal  full  load  for  governing,  as  it  is 
desirable  to  operate  the  turbine  at  its  point  of  maximum  efficiency. 
With  high -head  wheels,  curve  A,  such  a  margin  need  not  be 
allowed. 

The  curves  plotted  in  Fig.  5  represent  operating  conditions 
under  constant  head.  This,  however,  is  not  always  realized, 
especially  in  low-head  plants  where  floods  and  dry  seasons 
sometimes  cause  quite  a  variation  in  the  head,  and  this  has,  as 
previously  mentioned,  quite  a  bearing  on  the  selection  of  the 
waterwheel,  and  should  therefore  be  given  careful  consideration. 

If  the  speed  of  the  unit  could  be  allowed  to  vary  at  all  times 
as  the  square  root  of  the  ratio  of  the  heads,  the  shape  of  the 
performance  curve  for  any  head  other  than  normal  would  be 
the  same  as  that  secured  at  normal  head,  but  the  output  would 
vary  as  the  3/2  power  of  the  ratio  of  the  heads.  In  the  case  of 
wheels  driving  alternating-current  generators  a  speed  variation 
is  not  permissible  and  the  speed  must  be  kept  constant,  irres- 
pective of  any  variation  in  head  which  may  occur. 

In  Fig.  6  is  plotted  a  set  of  curves  illustrating  the  effect  of  a 
varying  head.  A  10,000-h.p.  turbine  is  assiuned  to  operate 
normally  under  a  32-ft.  (9 .75-m.)  head,  the  speed  to  be  constant 
for  a  range  of  heads  from  26  to  38  ft.  (7 .92  to  11 .6  m.).  As  the 
head  goes  up  to  38  ft.  (11.6  m.)  the  shape  of  the  curve  approaches 
more  closely  curve  B  in  Fig.  5,  while  when  the  head  falls  to  26 
ft.  (7.92  m.),  the  speed  being  constant,  it  approaches  more 
closely  to  curve  C  In  other  words,  when  operating  under  a 
38-ft.  (11 .6-m.)  head,  the  speed  is  lower  than  the  best  speed  for 
the  runner  under  that  head,  while  when  operating  under  the 
26-ft.  (7.92-m.)  head,  the  speed  of  the  wheel  is  higher  than  the 
best  speed.    Under  38  ft.  (11 .6  m.)  head  the  point  of  maximum 
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efficiency  is,  furthermore,  considerably  below  the  normal  full 
load  at  that  head,  while  under  26  ft.  (7.92  m.)  head  the  power 
at  which  maximum  efficiency  occurs  is  the  actual  full  load, 
illustrating  the  points  discussed  above  in  reference  to  the 
relation  of  the  power  at  which  maximum  efficiency  occurs  and 
the  normal  full-load  power  for  various  specific  speeds. 

Let  us  assume  that  a  selection  of  a  wheel  is  to  be  made  for  an 
installation,  and  that  performance  curves  are  desired,  showing 
the  expected  efficiency  for  various  loads  and  speeds.  Curves 
A,  B  and  C  in  Fig,  5  may  each  represent  a  possible  curve, 
dependent  upon  the  revolutions  selected  for  the  turbine  in 
question,  the  revolutions  being  directly  proportional  to  the 
specific  speeds,  and  they  will  illustrate  the  manner  in  which 
the  efficiencies  at  partial  gate  openings  will  fall  of!  in  any  one 
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case,  depending  upon  the  actual  rev(Dlutions  per  minute  selected 
for  the  design  of  the  wheel.  They  will  also  give  an  idea  as  to 
the  margin  between  the  normal  full  load  and  the  ]X)wer  at 
which  the  point  of  maximum  efficiency  will  occur.  In  the 
selection  of  a  speed  for  any  installation,  therefore,  aside  from  the 
cost  of  the  generators,  the  question  of  the  wheel  efficiencies  at 
partial  gate  openings  has  a  considerable  bearing.  Where  a  unit 
is  likely  to  operate  under  a  very  wide  range  in  power,  it  would 
be  advisable  to  select  a  wheel  represented  by  ciirve  A,  giving  a 
high  efficiency  for  a  considerable  range  in  power. 

All  power  systems  have  a  more  or  less  varying  load,  and  this 
has  a  very  important  bearing  on  the  selection  of  the  proper 
generating  equipment  and  on  the  economy  of  the  plant.  The 
load  will  vary  considerably,  not  only  during  t.\ie  ^4  \iCftKS  ot  xiaa 
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day,  but  also  for  different  periods  during  the  year.  The  load 
curve  also  differs  materially  for  different  kinds  of  load,  such 
as  for  central  stations,  industrial  establishments,  street  railways, 
etc. ;  a  typical  load  curve  of  a  central  station  is  represented  in 
Fig.  7. 

The  size  and  capacity  of  the  units  in  a  hydroelectric  station 
is  determined,  in  many  cases,  quite  largely  by  the  hydraulic 
conditions.  In  operating,  the  number  should,  wherever  possible, 
never  be  less  than  four,  unless  the  station  forms  part  of  a  larger 
system.  It  is  better  to  operate  machines  as  near  full  load  as 
possible,  and  to  start  new  units  instead  of  utilizing  overload 
capacities.  Where  sudden  overloads  of  considerable  magnitude 
come  on  the  system  for  very  short  periods  it  is,  of  course, 
necessary  to  have  a  wheel  capacity  sufficient  to  care  for  them. 

The  foregoing  discussion  indicates  that  waterwheel  character- 
istics will  vary  with  different  installations.  For  the  sake  of 
standardization  it  is  desirable  to  give  the  generators  a  maximum 
rating  at  a  certain  temperature.  The  proper  relation  of  the 
capacities  of  generator  and  waterwheel  should  be  considered  for 
each  installation. 
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Discussion  on  Group  IV  Papers— [(a)  Oil  Switches,  (b) 
Spark  Gap,  (c)  Wave  Form,  (d)  Regulation].  New 
York,    February    28,    1913. 

Paul  M.  Lincoln:  The  paper  of  Mr.  Btimham's  on  oil 
circtiit  breakers  opens  up  an  interesting  subject.  The  question 
of  the  method  of  rating  an  oil  circuit  breaker  is  an  important  one, 
and  is  one  upon  which  the  Standards  Committee,  I  believe, 
should  take  some  action.  I  am  prepared  to  accept  most  of  the 
suggestions  made  in  Mr.  Bumham's  paper.  It  is  necessary  to 
rate  circuit  breakers  in  various  ways;  one  way  to  rate  them  is 
in  regard  to  their  current-carrying  capacity,  and  they  must  have 
such  a  rating.  They  must  also  have  a  voltage  rating  to  indicate 
the  maximum  voltage  of  the  circuit  upon  which  they  may  be 
used. 

These  two  ratings,  however,  do  not  fix  the  ability  of  a  given 
breaker  to  protect,  and  it  is  this  ability  to  protect  that  is  of  fore- 
most interest  to  the  operating  man.  It  seems  to  me  that  the 
best  method  of  giving  such  a  rating  is  the  one  which  is  suggested 
in  this  paper,  namely,  the  kilo  volt-ampere  capacity  which  a 
circuit  breaker  will  be  guaranteed  to  interrupt.  Now,  the  kv-a. 
capacity  which  the  breaker  will  interrupt  successfully  will 
depend  almost  entirely  upon  what  is  back  of  the  breaker.  Of 
course,  it  stands  to  reason  that  the  breaker  which  has  a  small 
power  plant  back  of  it  will  not  be  called  upon  to  interrupt  as 
much  as  one  which  has  a  large  power  plant  back  of  it.  More- 
over, the  amount  of  power  which  the  breaker  is  called  upon  to 
interrupt  will  depend  not  only  on  the  size  of  the  power  plant 
back  of  it,  but  also  on  the  character  of  the  generators,  and  par- 
ticularly on  the  question  whether  or  not  there  are  current- 
limiting  devices  placed  in  those  generators  or  in  other  portions 
of  the  circuit,  so  as  to  limit  the  amount  of  power  which 
the  breaker  is  called  upon  lo  interrupt.  In  these  days  when 
there  is  such  a  tendency  to  use  current-limiting  devices  either 
in  generating  circuits  or  feeder  circuits,  or  between  the  sections 
of  busbars,  the  method  of  rating  breakers  suggested  in  the  paper 
becomes,  in  my  opinion,  the  logical  one.  It  is  not  logical  to 
rate  a  breaker  wnth  regard  to  the  amount  of  synchronous  appara- 
tus that  is  back  of  it,  because  a  given  breaker  may  be  protected 
by  reactance  in  series  with  it,  so  that  the  amount  of  power 
which  it  is  called  upon  to  interrupt  is  not  a  function  of  the  total 
plant  back  of  it,  but  an  amount  limited  by  the  ciurent-limiting 
devices.  It  seems  to  me  logical  therefore  to  rate  breakers  for 
the  kv-a.  capacity  which  the  breaker  will  be  guaranteed  to  in- 
terrupt. 

M.  G.  Lloyd:  I  ask  if  there  is  any  limitation  on  what  happens 
to  the  breaker  when  it  ruptures  the  circuit? 

Paul  M.  Lincoln:  Of  course,  good  practise  must  place  a 
limitation  on  that,  but  just  what  that  good  practise  is,  has  not 
been  definitely  determined.     It  is  the  practise  of  a  nimiber  of 
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operating  companies  at  present  to  overhaul  breaker  contacts, 
after  they  have  been  called  upon  to  interrupt  short  circuits,  and 
the  practise  in  the  past  has  indicated  that  such  an  inspection  is 
essential  to  the  continuity  of  service.  Such  inspections,  of 
course,  are  necessary  only  when  the  breaker  is  called  upon  to 
act  at  somewhere  near  its  ultimate  breaking  capacity.  In 
ordinary  conditions,  a  breaker  may  not  show  the  slightest  signs 
of  inconvenience  or  distress,  but  when  the  breaker  is  used  at 
such  capacities  as  tend  to  push  it  to  the  limit,  there  may  be 
some  throwing  of  oil  or  biuning  of  contacts,  which  it  is  wise 
to  investigate,  before  the  breaker  is  put  back  into  service. 

M.  G.  Lloyd:  I  do  not  think  that  quite  answers  the  point 
as  regards  the  rating  in  the  rules.  How  much  overhauling 
would  be  permissible  for  deciding  that  the  breaker  had  been 
overrated? 

Paul  M.  Lincoln:  I  do  not  know  that  the  rules  could  go 
so  far  as  to  make  any  definite  determination  of  that  point. 
I  am  not  prepared,  at  least,  to  suggest  any  reading  of  the  rule 
which  covers  that  point. 

F.  D.  Newbury:  I  do  not  think  it  is  a  matter  for  the  rules 
to  be  explicit  upon,  and  I  think  that,  as  long  as  the  damage  to 
the  breaker  has  not  been  greater  than  can  be  remedied  by  re- 
placement of  the  contact  the  breaker  has  not  been  overrated. 

A  Member:  The  author  has  called  attention  to  the  com- 
plexity of  the  problem  of  rating  circuit  breakers,  and  the  diffi- 
culty of  expressing  that  rating  is  something  that  can  be  readily 
imderstood.  Because  of  this  difficult v  many  of  the  manufac- 
turers  have  paid  no  attention  whatever  to  the  rating  of  the 
switches  they  buy.  That  may  soimd  like  a  confession,  if  it 
was  taken  for  what  it  is  worth.  Our  company  pays  very  little 
attention  to  the  guarantee  of  the  manufacturer,  depending  on 
a  knowledge  gained  of  the  switches  by  testing  and  experience. 
The  reason  for  that  is  this — the  rating  at  present,  as  the 
author  has  indicated,  is  imsatisfactory.  The  amount  of  energy 
that  is  back  of  the  switch  is  the  determining  factor  as  to  what 
will  happen  to  the  switch  when  it  is  called  upon  to  do  extreme 
work,  that  is,  opening  a  short  circuit.  It  is  put  on  a  device 
and  an  automatic  arrangement  is  put  on  the  switch,  so  that  it 
will  open  the  short  circuit  when  called  upon.  The  extreme  con- 
dition that  it  is  called  upon  to  meet  is  a  short  circuit  directly  back 
of  the  switch.  What  will  hapj)en  to  the  switch  will  depend 
entirely  on  the  available  energy  back  of  the  switch.  Just  what 
volinne  of  current  the  switch  will  open  cannot  be  determined, 
and  you  cannot  tell  whether  it  will  come  up  to  specifications, 
as  we  have  not  a  micrometer  in  the  short  circuit  when  it  opens. 
We  do  not  know  what  it  is  called  upon  to  do  and  we  do  not  know 
whether  it  meets  specifications  or  not.  It  seems  to  me  that  afar 
better  rating  would  be  the  kv-a.  capacity  that  would  be  ruptured, 
not  the  currents  passing  through  the  switch,  but  the  kv-a. 
back  of  the  switch,  under  which  conditions  the  switch  may  open 
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suflSciently  to  protect  the  circuit — switches  would  be  rated  in 
certain  values — instead  of  certain  ampere  values  of  continuous 
capacity,  they  would  be  rated  to  protect  a  circuit  having  back 
of  it  certain  available  instantaneous  energy.  Suppose  they 
are  rated  for  100,000  kv-a.,  or  any  capacity  that  the  manu- 
facturer sees  fit;  that  will  be  more  good  to  the  operating  engineer 
than  a  kv-a.  rating  he  knows  he  can  never  find  out  whether  the 
switch  is  meeting  or  not. 

Paul  M.  Lincoln:  The  man  who  installs  a  plant,  who  fixes 
the  size  of  the  choke  coils,  etc.,  is  the  man  who  can  determine 
how  much  current  a  given  switch  will  be  called  on  to  interrupt 
as  a  maximimi.  The  manufacturer  cannot  determine  that.  If 
the  manufacttu'er  will  say  that  such  a  switch  will  protect  10,000 
amperes  on  a  100,000-volt  line,  and  if  you  go  beyond  that  you 
are  taking  chances,  that  is  as  much  as  the  manufacttu'er  can  do. 
The  man  who  installs  it  and  applies  the  limiting  devices  is  the 
man  who  can  determine  the  maximum  the  «witch  will  be  called 
upon  to  ruptiire  under  the  worst  conditions.  It  seems  to  me 
that  when  a  manufacturer  has  said  that  a  given  switch  is  good 
for  ruptiuing  so  many  kv-a.  on  such  and  such  a  voltage  line, 
he  has  gone  as  far  as  he  can.  The  amoimt  of  instantaneous  kv-a. 
which  the  switch  is  called  upon  to  ruptiire  is  not  only  a  function 
of  the  current-limiting  devices  in  series  with  it,  but  also  a  fimc- 
tion  of  the  time-limit  which  is  placed  on  the  breaker.  It  is 
well  known  that  if  you  allow  a  breaker  to  stay  in  for  several 
seconds  after  the  short  circuit  has  come,  so  that  the  instantan- 
eous rush  of  current  is  over,  and  the  generators  have  settled 
down  to  somewhere  near  their  normal  condition,  the  stress 
on  the  breaker  will  be  less  severe  than  if  it  is  called  upon  to 
ruptiire  instantly. 

A  Member:  Apparently  I  did  not  make  myself  clear,  because 
my  position  is  exactly  the  same  as  Mr.  Lincoln's.  We  both 
agree  absolutely.  One  point  of  my  suggestion  is  this — that  if 
it  were  stated  in  terms  of  the  available  energy  back  of  it,  the 
same  thing  as  stating  the  capacity,  you  call  the  attention  of 
the  engineer  to  the  fact  that  he  must  figure  it  from  that  side, 
and  not  figiu*e  on  what  is  going  to  happen  on  the  other  side  of 
the  switch,  the  apparatus  it  protects.  At  the  present  time  the 
rating  leads  the  mind  of  the  average  engineer  to  the  amount 
of  energy  that  is  behind  the  switch  rather  than  the  energy  that 
can  be  pumped  into  it. 

Ford  W.  Harris  (by  letter) :  The  suggestion  to  rate  breakers 
by  the  maximum  ciurent  they  can  safely  open  is  not  a  new  one, 
being  one  of  those  more  or  less  obvious  thoughts  that  occur  to 
a  considerable  number  of  people  at  different  times.  It  has 
to  my  certain  knowledge  been  several  times  suggested  to  at 
least  one  manufactiirer  and  on  every  such  occasion  has  been 
finally  rejected  as  imdesirable. 

In  the  first  place  it  involves  complications  that  are  not  at 
first  sight  evident.     For  example,  the  influence  of  phase  relation 
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of  the  voltage  and  cturent  at  the  instant  of  rupture  is  very 
marked  in  limiting  the  value  of  this  current.  If  the  voltage  wave 
at  the  instant  the  current  reverses  is  near  its  maximum  this 
current  is  much  more  likely  to  reverse  than  if  the  voltage  wave 
is  at  a  low  value.  It  would  probably  not  be  sufficient  to  give  a 
single  maximiun  value,  but  in  addition  it  would  be  necessary  to 
state  exactly  how  this  value  would  be  modified  by  the  character- 
istics of  the  circuit  as  to  inductance  and  capacity. 

Then  this  safe  maximum  current  would  represent  the  current 
that  would  produce  a  failure  of  the  breaker,  divided  by  a  factor 
of  safety.  We  have,  however,  no  accurate  measure  of  the  failure 
point.  At  a  certain  current  the  breaker  will  start  to  throw  oil, 
and  as  the  severity  of  the  short  circuit  is  increased  it  will  throw 
oil,  bum  contacts,  and  produce  other  mechanical  distortions  in  a 
greater  degree.  At  just  what  point  shall  we  apply  our  factor 
of  safety?  If  this  rating  is  to  be  a  definite  one,  some  agreement 
on  this  point  will  4)e  necessary. 

In  the  same  way  it  would  be  necessary  to  come  to  some  agree- 
ment as  to  what  the  factors  of  safety  should  be  and  how  they 
shotdd  be  modified  by  enclosure  which  prevents  the  breakers 
enclosed  from  being  regarded  as  so  much  of  a  life  and  fire  hazard. 

Even  if  the  rating  were  adopted  I  am  not  at  all  sure  that  it 
would  be  of  any  considerable  engineering  value,  due  to  the 
difficxilty  of  determining  in  advance  just  what  cturent  to  expect 
at  certain  points  and  in  general  the  iifipossibility  of  waiting  until 
tests  can  be  made  before  specifying  the  breakers.  While  there 
are  in  this  coimtry  certain  men  who  can  figure  what  this  current 
will  be  and  while  there  exist  data  that  could  make  this  cal- 
culation feasible  to  the  average  engineer,  these  data  have  been 
obtained  at  a  very  considerable  expense  and  it  is  very  doubtful 
if  those  who  have  them  would  care  to  make  them  public. 

Considered  commercially,  I  cannot  see  where  this  rating 
would  be  of  any  very  considerable  value.  The  average  pur- 
chaser would  rather  have  a  blanket  guarantee,  that  the  breakers 
he  is  purchasing  will  take  care  of  conditions  in  the  applications 
that  he  can  define  to  the  manufacturer,  than  to  have  a  partial 
guarantee  that  the  breakers  will  open  a  certain  ctirrent.  Indeed, 
it  is  very  doubtful  if  the  purchaser  would  be  willing  to  dispense 
with  the  broader  guarantee  even  if  the  ciurent  were  defined. 

In  other  words, it  seems  to  me  that  this  matter  of  circuit  breaker 
ratings  is  a  much  more  complicated  matter  than  has  evidently 
been  assimied,  and  that  the  rating  proposed  is  not  likely  to  be 
of  any  very  considerable  value  either  to  the  piirchaser  or  to  the 
mantrfacttu'er. 

Chester  Lichtenberg  (by  letter) :  The  rating  of  an  oil  circuit 
breaker,  unlike  that  of  most  other  electrical  apparatus,  must  be 
given  in  terms  both  of  the  normal  and  abnormal  circuit  conditions 
imder  which  it  is  intended  to  operate.  Its  complete  rating  re- 
quires, therefore,  an  enumeration  of  the  following  properties: 

1.  Continuous  ctmreiiVcaiTyviv^  ea.'^^c^x^ , 
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2.  Maximum   circuit   pressure   capacity. 

3.  Maximum  energ>'-dissipating  capacity. 

The  continuous  current-carrying  capacity  of  an  oil  circuit 
breaker  is  the  maximum  current  at  any  given  frequency  which 
its  parts  will  carry  continuously  without  exceeding  a  specified 
temperature  rise.  This  will  depend  primarily  on  the  design 
of  the  device  and  the  materials  used  in  constructing  it,  and  also 
upon  the  temperature  and  configuration  of  the  leads  connected 
to  its  terminals  and  the  quality  of  this  connection.  The  latter 
points  are  very  important,  and  in  making  tests  of  oil  circuit 
breakers,  great  care  must  be  exercised  to  have  the  temperature 
of  the  leads  not  in  excess  of  that  of  the  oil  circuit  breaker  ter- 
minals. In  general,  the  maximum  temperature  of  any  part  of  an 
oil  circuit  breaker  should  not  exceed  35  deg.  cent,  above  an  average 
room  temperature  of  25  deg.  cent.,  but  in  no  case  should  the 
maximum  temperature  of  the  oil  exceed  75  deg.  cent. 

The  maximum  circuit  pressure  capacity,  commonly  known  as 
rated  voltage  of  an  oil  circuit  breaker,  is  the  maximiun  equivalent 
pressiire  of  the  circuit  to  which  it  may  be  safely  connected. 
This  rating  depends  on  the  design  of  the  device,  the  pressure 
rises  which  may  occur  on  the  circuit  in  which  it  is  connected,  and 
the  desired  factor  of  safety.  On  most  circuits  operating  at  45,000 
volts  and  below,  it  is  admissible  to  give  the  pressure  rating  of 
the  oil  circuit  breaker  in  terms  of  the  circuit  pressure.  Above 
this  point,  however,  and  in  some  special  cases  below  it,  it  has  been 
fotmd  advisable  to  follow  the  practise  adopted  by  insulator 
manufacturers,  and  give  the  pressure  rating  of  the  oil  circuit 
breaker  in  terms  of  the  maximum  pressure  it  will  withstand 
for  a  short  interval  of  time  such  as  30  or  60  seconds,  and  the 
pressiu*e  imder  which  it  can  operate  continuously.  The  ratio 
between  these  two  ratings  varies  from  1.5  to  10,  depending  on 
the  circuit  conditions  and  the  degree  of  safety  specified. 

The  maximum  energy -dissipating  capacity,  generally  known 
as  the  rupturing  capacity,  of  an  oil  circuit  breaker,  is  the  maxi- 
miun amount  of  energy  which  the  device  can  dissipate  when 
interrupting  a  circuit  of  given  voltage  and  frequency.  This 
factor  of  the  rating  is  by  far  the  most  difficult  to  determine  and 
fix,  as  it  depends  on  a  large  number  of  independent  variables  of 
design  and  circuit  conditions.  It  can  only  be  determined 
experimentally  with  considerable  difficulty  and  within  wide 
limits  which  require  exact  definition. 

It  is,  therefore,  suggested  that  the  Standards  Committee 
consider  a  method  of  rating  oil  circuit  breakers  which  will  in- 
clude the  following: 

1.  A  current  rating  based  on  temperature  rise. 

2.  A  pressure  rating  based  on  ordinary  circuit  pressure  rises 
together  with  a  reasonable  factor  of  safety. 

3.  An  energy-dissipating  rating  based  on  the  maximiun  current 
which  the  device  can  safely  interrupt  on  a  circuit  of  given 
pressure  and  frequency  at   the   least  favotabYe  po^et  \a^\/3t^ 
without  showing  any  external  signs  of  distress. 
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It  is  also  suggested  that: 

1.  The  maximum  temperature  rise  on  any  part  of  an  oil  circuit 
breaker  should  be  limited  to  35  deg.  cent,  above  an  average 
room  temperature  of  25  deg.  cent.,  but  in  no  case  should  any 
maximum  temperature  exceed  75  deg.  cent. 

2.  Oil  circuit  breakers  for  use  on  circuits  between  2500  and 
45,000  volts  shall  be  able  to  withstand  a  high-pressure  test 
between  live  parts  and  groimd  of  three  times  rated  pressure  for 
30  seconds. 

3.  Oil  circuit  breakers  for  use  on  circuits  exceeding  45,000 
volts  shall  be  able  to  withstand  a  high-pressure  test  between 
live  parts  and  ground  of  2\  times  rated  pressure  for  30  seconds. 

4.  The  safe  ruptiuing  capacity  of  an  oil  circuit  breaker  shall 
be  the  maximtim  equivalent  current  which  the  device  can  in- 
terrupt at  rated  pressure  and  frequency  at  the  least  favorable 
power  factor  without  showing  signs  of  distress,  and  shall  be  given 
in  amperes  at  rated  pressure  and  frequency. 

5.  The  maximiun  rupturing  capacity  of  an  oil  circuit  breaker 
shall  be  the  maximiun  equivalent  ciurent  in  amperes  which  the 
device  can  interrupt  without  being  destroyed  and  shall  be  given 
in  amperes  at  rated  pressure  and  frequency. 

F.  W.  Peek|  Jr.:  In  the  discussion  of  the  interesting  paper 
of  Messrs.  Chubb  and  Fortescue  on  their  development  of  the 
sphere  gap  voltmeter  it  may  be  of  interest  to  state  our  experience, 
and  add  data  which  we  have  obtained  in  this  work. 

The  needle  gap  has  long  been  a  useful  means  of  approximating 
high  voltages;  with  the  present  extra  high  voltages,  however,  we 
have  about  outgrown  it.  Although  it  is  possible  to  measure  high 
voltages  with  a  fair  degree  of  accuracy  with  the  needle  gap,  too 
much  skill  is  required,  and  too  many  variables  must  be  considered , 
especially  at  extra  high  voltages.  The  voltmeter  coil  offers  a 
reliable  means  of  high- voltage  measurement,  but  a  gap  method 
is  often  desirable  because  the  gap  measures  the  maximum  point  of 
the  wave  and  this  is  what  determines  the  breakdown  of  insulation. 
With  a  gap  method  it  is  thus  not  necessary  to  take  oscillograms, 
except  to  know  that  the  wave  fairly  approximates  the  sine: 
that  is,  is  a  good  commercial  wave.  The  sphere  gap  used  within 
the  limits  described  below  seems  the  best  solution  of  the  practical 
problem.  It  is  free  from  the  eccentricities  of  the  needle  gap, 
requires  less  skill  in  manipulation,  the  space  factor  is  small 
and,  furthermore,  the  curve  can  be  readily  calculated  within 
small  percentage  error.  There  is  one  variable  that  must  affect 
all  gap  measurements — air  density.  Over  the  ordinary  range 
of  temperatiire  and  variation  of  barometer  at  or  near  sea  level 
correction  may  be  made  by  multiplying  by  8,  where 

3.92  6 
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is  slightly  different  and  will  be  given  later.     The  following  curves 
are  for  25  deg.  cent,  and  76  cm.  barometer. 

The  Needle  Gap.  The  needle  gap  is  generally  unreliable, 
due  to  the  broken-down  air  which  surrounds  the  gap  long  before 
the  spark  passes,  and  to  the  large  space  factor  which  makes  it 
necessary  to  remove  surrounding  objects  to  a  great  distance  for 
consistent  results.  The  broken-down  air  causes  discrepancies  by 
heating  the  gap,  and  there  is  also  a  very  great  variation  with 
varying  humidity.  The  effect  of  humidity  is  shown  in  Fig.  1, 
where  it  can  be  seen  that  a  higher  voltage  is  required  to  spark 
over  a  given  gap  when  the  humidity  is  high  than  when  it  is  low. 
The  curve  thus  varies  from  day  to  day  as  much  as  20  per  cent. 
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lated)  100-cm.  (diameter)  Spheres. 

It  is  probable  that  the  corona  streamers  in  humid  air  cause  a 
fog,  as  it  were,  agglomerating  the  water  particles,  and  these, 
in  effect,  increase  the  size  of  the  electrode.  There  is  also  con- 
siderable variation  with  the  sharpness  of  the  needle,  and  probable 
variation  due  to  local  resonance  set  up  by  the  streamers. 
Needles  must  be  changed  after  each  spark -over. 

The  Sphere  Gap.  The  voltage  required  to  spark  over  a  given 
gap  between  spheres  increases  with  the  diameter  of  the  sphere. 
If  a  sphere  is  chosen  so  that  the  spacing  for  the  required  voltage 
is  never  greater  than  two  times  the  sphere  radius,  the  first 
evidence  of  stress  is  complete  sjiiirk-over,  corona  can  never 
form,  and  all  of  the  undcswabk.  efft^cts  and  variables  due  to  the 
broken-down  air  arc  eUramated.    \\.\iTO\5^\Vi  Vaa  -tvo  -mssaEMsahle 
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efiEect  The  space  factor  is  small — for  instance,  at  200  kilo- 
volts,  the  gap  between  needle  points  is  from  50  to  60  cm.,  for 
25-cm.  diameter  spheres  it  is  only  13  cm.  (It  is  desirable 
to  have  the  spheres  or  needles  at  least  twice  the  gap  distance 
from  surrounding  objects.)  It  is  not  necessary  to  polish 
the  spheres  after  each  spark-over.  Several  thousand  meas- 
urements may  be  made  without  repolishing.  Discrepancies 
in  sphere-gap  tests  made  years  ago,  1895,  were  probably 
not  due  to  condition  of  sphere  surface,  but  to  changes  in 
wave-shape  and  difficulty  in  measuring  voltage.  The  etudes 
may  be  accurately  calculated.  With  12.5-,  25-,  50-  and  100-cm. 
spheres,  a  range  of  voltage  from  20,000  to  1,500,000  may  be 
covered.     It  must  be  noted  that  the  curves  are  different  when  one 


TABLE  I— SPHERE  GAP  SPARK-OVER  VOLTAGES* 

12.6-cii.  Spheres 


Spacing 

Kilovolts  effective 

Cm. 

In. 

Non-Grounded 

Grounded 

0.26 

0.098 

6.5 

0.6 

0.50 

0.197 

12 

12 

1 

0.394 

22 

22 

1.6 

0.591 

31.6 

31.6 

2 

0.787 

41 

41 

3 

1.181 

69 

59 

4 

1.675 

70 

75 

6 

1.909 

91 

89 

0 

2.302 

105 

102 

7 

2.760 

118 

112 

8 

3.160 

130 

120 

9 

3.543 

141 

128 

10 

3.937 

151 

135 

12 

4.72 

167 

147 

16 

5.91 

188 

160 

17.6 

0.88 

201 

168 

20 

7.87 

213 

174 

*At  25  deg.  cent,  and  76  cm.  barometer.       Effective  sine  wave  voltage. 

Sphere  is  grounded  and  when  both  spheres  are  insulated.  Fig.  2 
gives  grounded  and  non-groimded  curves  for  the  12.5-cm. 
sphere,  Fig.  3  gives  curves  for  the  25-cm.  sphere.  Fig.  4  gives 
curves  for  the  50-cm.  sphere,  and  Fig.  5  gives  curves  for  the 
100-cm.  sphere.  In  all  of  these  the  drawn  curve  is  calculated, 
while  the  crosses  mark  the  measured  values.  The  calculated 
curves  were  drawn  long  before  measurements  were  made  on  the 
larger  spheres,  from  laws  derived  from  a  series  of  tests  on  spheres 
ranging  from  0.32  to  5.0  cm.  in  diameter.  No  measurements 
have  been  made  on  the  100-cm.  sphere,  but  the  calculated  curve, 
Fig.  5,  should  be  correct  within  a  small  percentage.  Meas- 
ured values  are  given  in  Tables  I,  II  and  111.  'Pt^c!^ca^.  t^tl^^ 
for  different  diameters  is  given  in  Table  IV . 
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TABLE  II— SPHERE  GAP  SPARK-OVER  VOLTAGES* 

25-CM    Spheres 


Spacing 


Kilovolts  effective 


Cm. 

In. 

Non-Grounded 

Grounded 

0.5 

0.197 

11 

11 

1 

0.304 

22 

22 

1.5 

0.501 

32 

32 

2 

0.787 

42 

42 

2.5 

0.083 

62 

52 

3 

1.181 

61 

61 

4 

1.676 

78 

78 

5 

1.060 

06 

04 

6 

2.362 

112 

110 

7.6 

2.053 

135 

132 

10 

3.037 

171 

166 

12.6 

4.02 

203 

106 

15 

5.01 

230 

220 

17.6 

6.88 

265 

238 

20 

7.87 

278 

254 

22.5 

8.85 

207 

268 

25 

0.83 

314 

280 

30 

11.81 

330 

300 

40 

15.76 

385 

325 

TABLE  III- 


■SPHERE  GAP  SPARK-OVER  VOLTAGES* 
50-cii.  Spheres 


Spacing 


Kilovolts  effective 


♦At  25  deg.  cent,  and    76  cm.  barometer. 
Effective  sine  wave  voltage. 


Cm. 

In. 

Grounded  value 

2 

0.787 

40 

4 

1.575 

76 

6 

2.362 

112 

8 

3.150 

145 

10 

3.037 

185 

12 

4.72 

220 

14 

5.50 

250 

16 

6.2H 

275 

18 

7.07 

300 

20 

7.87 

320 

22 

8.65 

345 

TABLE  IV 


Diameter 

Grounded 

Non-grounded 

cm. 

Effective  kv.t 

Effective  kv-t 

range 

xange 

12.5 

50-170 

50-200 

25 

50-320 

60-375 

50 

50-600 

50-725 

1000 

50-1200 

50-1400 

t  S«ft  1«Y«1 — tpacing  not  exceeding  3R. 
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A  curve  on  the  12.5-cm.  sphere  was  made  up  to  25,000  volts 
at  1000  cycles  and  coincided  with  the  60-cycle  curve.  At 
50,000  cycles  similar  curves  were  made  on  spheres  and  needles. 
The  sphere  gap  curve  for  this  frequency  was  somewhat  lower  than 
the  60-cycle  ciuve,  while  the  needle  gap  curve  was  very  much 
lower.  If  a  needle  gap  is  set  so  as  to  just  spark  over  when  a  steep 
wave-front  or  high-frequency  voltage  of  constant  value  is  ap- 
plied, and  a  sphere  gap  is  similarly  set,  and  these  two  gaps  are 
then  placed  in  parallel,  and  the  same  impulse  voltage  applied, 
apparent  discrepancy  results.  Spark-over  will  take  place  across 
one  gap,  and  not  the  other,  even  when  the  spacing  on  the  non- 
sparking  gap  is  decreased.  This  will  be  noticed  in  aJl  cases  where 
electrodes  of  different  shape  are  employed  in  multiple.  The 
reason,  apparently,  is  that  energy  is  necessary  to  start  rupture 
in  the  dielectric,  the  amount  of  energy  varying  with  the  shape 
of  the  electrode.  This  introduces  a  very  small  time  element, 
which  differs  for  different  gaps.     The  effect,  however,  is  rarely 
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noticed  in  commercial  voltage  waves,  as  any  variation  in 
the  wave  shape,  in  commercial  waves,  is  not  sufficiently  abrupt, 
or  is  slow  compared  to  the  time  lag.  Naturally,  as  the  time  lag 
is  very  short,  it  can  not  be  measured  by  the  oscillograph  or  any 
other  instrument  with  mechanically  moving  parts.  It  has  been 
studied  by  comparing  spark  distances  of  different  electrodes 
in  parallel.  The  effect  is  important  in  lightning  arrester  gaps, 
where  the  protecting  gap  should  have  a  smaller  time  lag  than  the 
protected  apparatus — that  is,  the  protecting  gap  must  discharge 
before  the  apparatus  breaks  down. 

In  making  arc-over  tests,  as,  for  instance,  on  insulators,  the 
effective  transformer  ratio  should  first  be  calibrated  by  sphere 
gaps.  The  arc-over  test  should  then  be  made  with  sphere 
gaps  out  of  the  circuit  and  voltage  determined  by  the  calibrated 
ratio  curve.  Care  should  be  taken  that  the  same  generator 
and  the  same  method  of  voltage  control  be  used  in  the  arc-over 
test  as  in  the  calibration  test. 
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Method  of  Measurement,  Up  to  200,000  volts,  measurement 
was  made  by  a  voltmeter  coil  giving  a  great  degree  of  accuracy. 
Check  was  made  on  this  by  step-down  transformer,  by  ratio  and 
by  corona  starting  point,  results  from  which  were  all  in  agree- 
ment. Above  200,000  volts,  step-down  transformer  and  ratio 
were  used.  The  voltage  ratio  was  very  close  to  turn  ratio.  A 
good  wave,  very  nearly  sinusoidal,  was  used,  and  oscillograms 
were  taken  for  correction  in  low  side  of  transformer,  in  voltmeter 
coil  and  in  step-down  transfoniier.  The  waves  on  high  and  low 
sides  were  practically  the  same. 

Water  tube  resistances  were  used  in  series  with  the  gap, 
limiting  the  arc  current  to  from  0.25  to  1.00  ampere.  The 
potentiometer  method^  of  voltage  control  was  used. 

Calculation  of  Curves.  The  voltage  gradient  on  the  air  is 
greatest  at  the  sphere  surface.  This  stress  or  gradient  derived 
mathematically  is  ex])ressed* 

g  =  —  /        (kv/cm.) 

where  e  is  the  applied  voltage,  and  x  is  the  distance  between 
sphere  surfaces,     e/x  is  the  average  gradient,  and  /  is  a  function 

of -5-1  where  R  is  the  radius  of  the   sphere   in  cm.     The  /  is 

different  in  the  two  cases  when  one  sphere  is  grotmded,  and  when 
both  spheres  are  insulated.  The  values  of  /  for  the  two  cases 
are  given  in  Fig.  6.  We  have  found  experimentally  that  g„ 
the  surface  gradient  at  spark-over,  as  in  the  case  of  gv  for  corona 
on  wires  (see  Fig.  7),  increases  with  decreasing  radius.  It  may 
be  expressed' 


'•  =  ''  {'  +  v^)- 


gt  for  a  given  size  of  sphere  is  constant  for  the  practical  range  of 
spacing  used  in  measuring,  that  is,  when  x  is  not  less  than  about 

0.5  \^Rj  not  greater  than  3  R.  When  x  is  less  than  0.5  v^, 
gg  increases  very  rapidly,  because  the  spacing  is  then  less  than 
the  **  rupturing  energy  distance."*  At  very  small  spacings, 
gradients  as  high  as  200  kv.  per  cm.  are  required  for  rupture. 
The  **  rupturing  energy  ''  has  been  calculated  for  wires.* 

The  increased  value  of  g,  when  x  is  large,  seems  to  be  only 
apparent  and  due  to  the  shank,  surrounding  objects,  etc., 
better  distributing  the  flux  or  les.scning  the  flux  density.     When 

1.  See  The  Law  of  Corona  and  the  Dielectric  Strength  of  Air,  by  F.  W. 
Peek,  Jr.,  Transactions  A.  I.  K.  E.,  1911,  XXX,    p.  1889. 

2.  Mathematical  values  of/ have  been  derived  by  Russel,  Philosophical 
Magazine,  vol.  XI,   1900. 

3.  The  constants  are  approximately  j^o  =  27.2         a  =  0.54. 

4.  See   The  Law  of  Corona  and  DieleclTic  Strcn^t/t  of  Air-II,  Trans- 
actions A.  I.  E.  E..  191*2,  Vo\.  ^L^lCiiLl,  v^^'^^- 
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both  spheres  are  insulated  this  effect  is  small  and  is  inappreciable 
for  large  spheres,  where  the  mathematical  /  may  be  used.  When 
one  sphere  is  grounded,  however,  this  apparent  increase  of  grad- 
ient is  very  great  if  the  mathematical  /i,  which  does  not  take 
accoimt  of  surrounding  objects,  is  used.  The  /  values  given  in 
Fig.  6  are  for  the  non-grounded  case.  They  are  the  mathematical 
values  and,  within  the  limits  prescribed,  give  a  practically  constant 
graded  g,.  The  dotted  line,  Fig.  6,  is  the  mathematical  curve 
for  the  grounded  case.  This  docs  not  hold,  due  to  the  effect 
of  shanks,  etc.,  which  it  does  not  consider,  and  the  actual  curve 
is  /o.     This  was  derived  experimentally,  assuming  g,  constant. 

X 

For  a  given  value  of  ^r,  /o  is  constant,  independent  of  the  size 

of  the  sphere  (from  tests  on  spheres  from  0.32  to  25  cm.).     Where 
X  is  greater  than  2  R  (practically  3  R)  the  expressions  do  not 
hold,  because  corona  then  forms  before  spark-over. 
We  have  then 

g  =  —/(mathematical)     (kv./cm.) 
gg  =  goll  +  ~7^^)     (experimental)  (kv./cm.) 


Therefore 


es  =  go  ( 


1  +     r-— )^     (kilovolts  max.) 

VrI  f 


or 


X 

e*  =  ?,»  -j- 

As  an  example  of  itsjuse — 

What   is    the    spark -over    voltage    for   2r)-cm.    spheres    (one 
grounded)  20  cm.  apart? 

R  =   ^  =  12.5 


a:  =  20 
c  20 


=  1.00 


R  12.5 

g$  =  go  I  l-\ 7=)  =  31.2   kv./  cm.  max. 

V         V  ^  ^  (See  Fig.  7) 

/o  =  1.74  (from  Fig.  6). 
e  =  g9    .      =362  kv.  (max.) 

e  =  r-jy  =  256  kv.  (effective) 
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For  small  spheres  the  range  of  the  constant  part  of  the  g, 
curve  is  very  small,  as  the  effect  of  shanks  extends  over  a  greater 
range.  Hence,  in  practise,  the  above  expression  is  especially 
applicable  to  spheres  10  cm.  in  diameter  and  above. 

In  order  that  the  sphere  gap  may  be  used  at  various  altitudes, 
and  corrections  made,  curves  must  be  taken  at  various  air  den- 
sities. The  full  correction  will  be  made  as  in  the  case  of  parallel 
wires: 

g,  =  sg.  (1  +^is)VF 

This  is  being  investigated.  The  constants  of  these  equations 
will  be  given  when  the  data  are  more  fully  worked  up. 

C.  E.  SUnner:  Those  of  us  who  have  had  to  deal  with  the 
old  needle  gap  in  the  years  gone  by  know  all  the  trials  and  tribu- 
lations through  which  we  have  had  to  go  in  trying  to  get  accurate 
measurements  of  voltages  higher  than  50,000.  In  listening  to 
the  discussion  of  the  various  papers  that  have  been  offered 
here  in  the  last  three  days,  we  have  all  noted  the  differences 
and  the  difficulties  which  have  come  up,  and  the  problems  which 
have  been  put  up  to  the  Sub-committee  on  Revision  of  Stand- 
ards. Here  is  a  case  where  it  would  appear  that  the  work 
done  could  be  accepted  without  change,  and  probably  with  little 
or  no  criticism.  The  use  of  the  sphere  gap  for  something  like 
two  years  in  a  practical  way  has  shown  its  adaptability  and  its 
convenience,  its  accuracy  for  all  kinds  of  conditions,  and  the 
calibration,  by  different  observers  and  by  different  methods, 
is  very  close.  I  think  the  Institute  and  the  Standards  Com- 
mittee are  to  be  congratulated  on  one  set  of  papers,  which 
ought  not  to  require  much  further  testing  or  question. 

I  might  incidentally  mention  that  one  of  the  greatest  difficul- 
ties encountered  in  connection  with  the  sphere  gap  is  the  manu- 
facture of  the  spheres  themselves,  as  the  manufacture  of  accurate 
spheres  of  the  sizes  which  are  required  for  these  gaps  is  no 
easy  matter. 

J.  A.  Sandford,  Jr.:  There  is  one  decided  advantage,  I 
think,  in  the  use  of  the  sphere  gap  as  compared  with  the  needle 
gap,  which  was  not  mentioned  either  by  the  authors  of  the  paper 
or  by  Mr.  Peek,  to  any  one  who  has  a  large  number  of  measure- 
ments to  make  by  the  use  of  the  spark  gap.  I  refer  to 
being  able  to  take  measurements  with  the  voltage  on  the 
test  piece,  and  moving  the  gap  from  a  wide  separation 
up  to  the  point  where  the  spark  jumps.  If  I  am  not 
mistaken,  the  sphere  gap  will  give  accurate  readings  imder 
those  conditions,  and  on  this  point  I  would  like  to  have 
Mr.  Famsworth  and  Mr.  Fortescue  corroborate  what  I  say. 
I  think  we  will  at  once  realize  what  this  means.  It  simply 
means  we  need  take  only  one  reading  in  each  case  to  establish 
what  the  voltage  is  at  that  particular  instant;  this  in  contrast 
to  the  large  number  of  readings  necessary  to  determine  the  test 
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voltage  when  using  the  method  described  by  Mr.  Peek  in  the 
A.I.E.E.  Transactions  for  1912,  page  908.  Of  course,  naturally, 
as  in  all  other  work,  it  requires  several  readings  in  order  to  get 
a  fair  average,  but  with  the  needle  point  spark  gap  I  think  it 
is  quite  well  known  that  if  the  voltage  is  applied  to  the  test  piece 
with  a  wide  separation  of  the  points,  however  carefully  as  you 
may  bring  the  points  together,  it  will  be  foimd  that  the  readings 
will  vary  greatly,  and  at  least  there  will  be  some  diflSculty  in 
getting  accurate  results.  I  feel  that  this  one  advantage  alone 
has  probably  saved  me  at  least  75  or  80  per  cent  of  the  time 
I  have  to  use  in  tests  of  this  kind. 

Comfort  A.  Adams:  May  I  ask  those  who  have  used  this 
method  what  percentage  of  accuracy  it  is  reasonable  to  expect 
in  the  use  of  the  sphere  gaps  by  men  such  as  are  ordinarily  called 
upon  to  make  routine  tests  of  this  sort  in  manufacturing  estab- 
lishments? 

L.  W.  Chubb :  In  answer  to  Prof.  Adams's  question  in  regard 
to  the  accuracy  reasonable  to  expect  with  the  sphere  gap,  I 
will  say  that  we  believe  that  variations  depend  entirely  upon  the 
steadiness  of  the  circuit,  transformer,  and  switching  apparatus. 
We  believe  that  the  true  accuracy  of  the  gap  is  within  a  very 
small  part  of  one  per  cent.  If  a  spark  passes,  the  potential 
difference  between  spheres  has  reached  a  very  definite  voltage, 
and  after  the  spark  has  passed,  any  fiuther  rise  of  potential  be- 
tween the  spheres  is  practically  prevented. 

On  a  steady  circuit  below  100  kv-a.,if  the  gap  is  opened 
beyond  the  breakdown  and  slowly  closed,  the  results  have  been 
found  to  check  within  less  than  0.05  cm.  At  higher  voltage, 
when  little  jumps  of  corona  in  the  high-tension  circuit  are  apt 
to  produce  surging,  or  on  unsteady  circuits,  repeated  determina- 
tions may  vary  considerably,  but  such  variation  is  not  chargeable 
to  the  sphere  gap. 

If  you  will  refer  to  the  curves  in  the  paper  you  can  see  with 
what  precision  the  points  fall  upon  the  (envelope)  curve  drawn. 

S.  W.  Famsworth:  In  answer  to  Mr.  Sanford's,  question, 
we  can  say  that  the  method  of  measiuing  a  given  voltage  by 
moving  the  spheres  together  until  breakdown  occurs  is  a  reliable 
one. 

The  paper  which  we  presented,  purposely  avoids  entering 
into  a  theoretical  discussion  on  the  breakdown  voltage  be- 
tween two  equal  spheres,  for  this  has  been  well  covered  by 
others.  We  do  not  feel  that  we  are  the  first  who  have  con- 
sidered using  spheres  for  a  spark  gap,  but,  so  far  as  we  know, 
we  are  the  first  in  this  country  who  have  used  large  spheres  for 
the  high  voltages  which  we  are  daily  using,  and  the  results  which 
we  have  obtained  have  been  so  satisfactory  that  we  feel  the 
manufacturers  will  be  benefited  by  having  spheres  adopted  as 
a  standard  in  place  of  the  present  needle-gap  standard.  It  may 
be  well  to  quote  from  an  article  by  Mr.  J.  Lustgarten  on  "  High- 
Tension  Porcelain  Line  Insulators,"  which  appeared  in  the  July, 
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1912,  number  of  the  Journal  of  the  Institution  of  Electrical 
Engineers: 

**  With  regard  to  the  spark  gap,  there  is  a  tendency  to  measure 
voltage  by  the  needle-point  spark-gap  standardized  by  the 
American  Institute  of  Electrical  Engineers.  Those  who  have 
worked  with  the  gap  specified,  know  that  it  is  difficult  to  check 
the  American  values  and  even  to  repeat  their  own  results  on 
successive  days.  One  reason  for  this  lies  in  the  effects  on  the 
brush  discharge  of  humidity,  pressure  and  temperature,  position 
of  tlie  needles  with  rcsj^ect  to  the  supports  and  neighboring 
objects,  and  the  local  conditions  of  the  circuit.  The  brush  dis- 
charge in  the  case  of  needle-points  always  precedes  the  spark 
(excepting  at  very  small  distances).  A  screening  by  metallic 
disks  at  the  back  of  the  needles  will  not  prevent  humidity, 
pressure  and  temperature  destroying  the  standard  gap.  The 
author  uses  spheres,  the  diameters  being  chosen  so  that  no  brush 
discharge,  or  rather,  no  glow,  will  be  observed  at  the  sparking 
voltage.  Thus  all  sparking  voltages  are  below  the  uncertain 
kink  stage  in  spark-distance  curves,  the  kink  being  due  to  the 
formation  of  the  brush  discharge.  The  effect  of  humidity  is 
eliminated.  The  effect  of  temperatiu-e  can  be  corrected,  the 
spark  potential  varying  inversely  as  the  absolute  temperature. 
Variations  in  atmospheric  pressure  affect  the  spark  potential 
less  before  the  brush  stage  than  after.  Weicker  gives  the  correc- 
tion for  spark  potentials  for  a  10-mm.  variation  in  pressure  from 
735  mm.,  as  1.36  per  cent.  Up  to  70  kv.  (r.m.s.  values)  2-cm. 
diameter  spheres  are  suitable,  to  125  kv.  5  cm.,  and  to200kv. 
10  cm.'' 

This  article  gives  the  opinion  which  an  English  experimenter 
holds  of  our  present  necdle-ga])  and  tlie  i)rop()sed  sphere  gap. 

Messrs.  Chubb  and  Fortcscuc  in  their  calibration  of  the  pro- 
posed gaps,  have  not  dealt  with  the  effects  of  humidity,  tempera- 
ture and  pressure,  and  while  it  may  be  advisable  to  investigate 
with  respect  to  these,  it  hardly  seems  necessary  in  view  of  the 
great  quantity  of  evidence  already  available. 

The  article  by  Weicker  which  was  referred  to  in  the  quotation 
above,  is  the  most  complete  investigation  of  the  general  subject 
of  sparking  voltages  that  has  come  to  our  attention.  It  is  to 
be  found  in  the  **  Mitteilungen  ueber  Forschungsarbeiten  auf 
dem  Gebiete  des  Ingenieurwesens,"  Berlin,  1911,  No.  100,  pp. 
1-48. 

His  investigations  bear  out  the  results  obtained  by  others, 
and  it  can  be  stated  that,  for  the  sphere  spark-gap  used  over 
a  separation  not  greater  than  the  diameter  of  the  spheres, 
the  influence  of  the  factors  of  humidity,  temperature,  pressure, 
frequency  and  electrode  capacity  on  the  sparking  voltage  is 
as  follows: 

Humidity — No  effect. 

Temperature — The  sparking  voltage  is  inversely  proportional 
to  the  absolute  temperature. 
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Pressure — The  sparking  voltage  is  directly  proportional  to 
barometric  pressure. 

Frequency — ^Within  the  range  of  commercial  frequencies, 
namely,  20  to  75  cycles,  frequency  has  no  effect  on  the  sparking 
voltage. 

Electrode  capacity — So  far  as  we  know,  Weicker  is  the  only 
one  who  has  investigated  the  effect  of  electrode  capacity,  particu- 
larly, and  he  states  that  it  has  no  influence  on  the  sparking 
voltage. 

Comfort  A.  Adams:  May  I  ask  again  in  regard  to  the  fre- 
quency? It  is  stated  that  it  was  between  60  and  70  cycles. 
Was  the  investigation  carried  beyond  this  range,  and  is  there  any 
difference  between  a  flat-topped  e.m.f.  wave  and  a  very  peaked 
e.m.f.  wave? 

L.  W.  Chubb:  The  frequency  range  for  our  work  was  from 
25  to  70  cycles.  The  results  were  independent  of  frequency  as 
far  as  we  could  judge.  The  results  expressed  in  terms  of  maxi- 
mum voltage  were  also  foimd  to  be  independent  of  wave-shape 
through  a  rather  wide  range  of  voltage  distortion.  I  believe 
that  it  can  be  shown  both  experimentally  and  theoretically 
that  the  break  is  dependent  upon  only  the  maximum  potential 
between  spheres,  and  independent  of  frequency  even  as  high  as 
one  million  cycles,  provided  the  spheres  are  working  below  the 
corona  point. 

Oscillograph  tests  were  made  with  some  very  peaked  waves 
at  100  kv.  and  directly  on  the  high-voltage  circuit.  The  records 
showed  that  the  break  came  at  the  peak  of  the  wave,  as  closely 
as  could  be  measured. 

Voltage  across  the  gap  was  recorded  on  the  film.  No  change 
could  be  found  in  the  cycles  preceding  the  break.  The  voltage 
dropped  quickly  to  zero  when  the  break  came,  and  by  com- 
parison with  the  previous  cycle  it  was  evident  that  this  drop 
started  at  the  maximum  point.  Such  is  not  the  case  when  the 
needle  gap  or  other  electrodes  are  used  above  the  corona  point 
and  in  series  with  resistance.  There  is  quite  a  disturbance  due 
to  the  streamers  before  the  break. 

I  agree  with  Mr.  Peek  that  it  requires  a  certain  amount  of 
time  for  the  spark  to  take  place,  but  I  believe  that  with  the 
spheres  it  will  take  place  if  the  voltage  reaches  the  critical 
point  and  drops  at  a  rate  corresponding  to  the  peak  of  a  million - 
cycle  wave.  Certainly  the  unstable  point  has  been  reached  and 
the  electrostatic  charge  of  the  spheres  can  flow  through  the 
spark  just  as  quickly  as  it  can  flow  back  into  the  circuit.  SucK 
would  not  be  the  case  with  the  progressive  discharge  of  the  needle 
gap,  as  the  electrostatic  charge  would  be  expended  in  ionizing 
the  air  near  the  electrodes. 

Percy  H.  Thomas:  It  seems  to  me  with  this  sphere  gap  we 
have  made  quite  a  distinct  advance  in  the  measurement  of 
alternating-current  voltages.  I  want  to  suggest  two  thoughts; 
the  first  is  this:     In  view  of  the  relatively  high  capacity  of  the 
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gap  itself,  on  account  of  the  spherical  form  of  terminal,  compared 
to  the  needle-point  terminals,  a  certain  material  charging  current 
will  flow  to  the  terminals.  If  series  resistance  is  used,  as  is 
usually  the  case  with  the  gap,  we  cannot  rely  on  the  gap  to  take 
accoimt  of  disturbances  of  all  frequencies,  because  the  resistance 
will  cause  a  drop  on  high  frequency  on  account  of  the  charging 
current  of  the  spheres.  For  waves  of  60  cycles,  or  120  or  133 
cycles,  undoubtedly  resistances  can  be  introduced  so  small  as 
not  at  all  to  interfere  with  the  accuracy  of  the  method,  but  with 
frequencies  of  10,000  cycles  or  100,000  cycles,  I  should  say  it 
would  be  necessary  to  be  very  careful  to  see  that  no  resistance 
in  series  with  the  gap  terminals  was  vitiating  the  results. 

One  result  of  this  condition  is  to  cut  out  from  the  gap  the 
effect  of  any  accidental  oscillations  of  very  high  frequency 
that  may  be  superimposed  on  the  alternating  voltage,  and  if 
in  testing  a  transformer,  some  little  spark  from  the  terminal 
somewhere  sets  up  an  oscillation,  with  spark-gap  needle  points, 
that  oscillation  will  make  the  needle-points  break  down.  With 
the  sphere  gap,  using  a  large  series  resistance,  I  should  expect 
the  gap  would  not  show  these  little  superimposed  high-frequency 
oscillations. 

The  second  thought  I  wish  to  offer  is  that  the  sphere  gaps 
can  not  always  be  safely  used,  except  without  series  resistances, 
for  determining  the  maximum  voltage  on  high-frequency  ex- 
periments, and  even  without  series  resistance,  it  could  be  used 
only  where  its  capacity  is  small  in  regard  to  the  capacity  of  the 
apparatus  which  is  being  tested. 

I  want  to  take  this  opportunity  to  ask  Mr.  Peek  some 
questions,  with  regard  to  the  actual  time  required  for  the  break- 
do  w^n  of  an  air-gap.  Suppose  we  apply  instantly,  a  voltage 
to  an  air-gap  four  times  as  great  as  the  voltage  necessary  to 
break  it  down,  I  would  like  to  know  if  Mr.  Peck  can  tell  us  how 
long  it  will  take  for  the  first  flow  of  current  to  occur  across  the 
gap,  assuming  there  is  no  inductance  in  the  system  other  than 
the  discharge  gap. 

I  would  like  also  to  have  some  statement  of  the  experimental 
evidence  on  which  the  conclusion  is  based  that  there  is  a  time- 
lag  in  the  breakdow^n  of  an  air  gap. 

This  is  a  very  important  and  a  very  interesting  matter,  and 
it  is  a  thing  which  keeps  coming  up — this  matter  of  the  lag  of  the 
spark  gap  at  breakdown,  and  it  is  put  forward  as  the  explanation 
of  a  great  many  of  our  high-frequency  phenomena.  Personally 
I  am  open-minded  on  the  subject.  I  have  not  been  convinced, 
by  any  of  the  experiments  I  have  so  far  seen  or  heard  reported, 
of  the  existence  of  this  lag  as  a  material  factor,  and  yet  I  am  not 
sure  that  there  is  not  such  a  thing.  Are  we  not  justified  in  con- 
cluding that,  if  there  is  a  lag  in  the  breakdo\vn  of  an  air-gap, 
it  is  only  material  for  extremely  high  frequencies,  less  than  a 
millionth  of  a  second?  Take,  for  example,  the  famous  surges 
of    Hertz,    with    Maxwellian    electromagnetic    waves.      Hert? 
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explored  with  a  small  circle  of  wire  having  a  small  air-gap  in  it, 
and  his  discharge  apparatus,  if  I  am  not  mistaken,  was  small  and 
of  very  high  frequency.  He  had  sparks  across  a  small  air-gap. 
If  his  air-gap  must  necessarily  have  considerable  time  to  break 
down,  it  could  not  break  down  on  frequencies  the  alternations 
of  which  are  less  than  the  time  of  breakdown,  because  the  me- 
chanical force  on  the  electron  will  alter  in  direction  with  the 
alteration  of  the  applied  e.m.f .  The  air-gap  was  able  to  break 
down  on  the  frequencies  Hertz  used,  which  were  very,  very 
high,  and  if  this  logic  is  sound,  the  range  of  spark  lag  must  be 
much  less  than  a  million  cycles  per  second. 

Paul  M.  Lincoln:  The  gaps  which  Hertz  used  in  his  experi- 
ments were  extremely  minute.  I  do  not  remember  just  what 
they  were,  but  they  were  of  the  order  of  a  few  thousandths  of 
an  inch  at  the  most,  as  I  recall.  As  I  see  it,  this  breakdown  of 
the  air  is  a  progressive  action ;  particles  of  the  air  next  to  the  ter- 
minals become  ionized  and  they,  by  collision,  ionize  other  parti- 
cles. That  means,  if  I  am  correct,  that  the  time  of  breakdown  of 
the  air-gap  is  a  function  of  its  length,  so  that  the  air-gap  which 
Hertz  used  would  break  down  many,  many  times  quicker  than 
the  air-gaps  described,  for  instance,  in  the  paper  read  by  Mr. 
Thomas  in  December. 

C.  Fortescue:  In  the  first  place,  the  condition  of  break- 
down through  the  insulator  is  entirely  different  from  the  con- 
dition of  breakdown  between  two  large  spheres  that  are  separated 
a  distance  less  than  their  diameter.  We  might  compare  the 
operation  of  the  small  sphere  or  an  insulator  and  the  operation 
of  the  two  large  spheres  which  arc  separated  less  than  their  dia- 
meter, to  the  operation  of  an  ordinary  trigger  of  a  gun  and  the 
operation  of  a  hair  trigger;  the  sphere  gap  being  represented  by 
the  hair  trigger.  The  very  instant  that  the  intensity  at  the 
surface  of  the  sphere  reaches  a  certain  point  the  breakdown 
occtu^.  No  energy  is  required  to  complete  the  rupture  outside 
of  that  already  stored  in  the  electric  field  between  the  spheres. 
The  distance  the  spark  has  to  travel  is  a  minimum,  and  the 
action  is  like  that  of  a  hair  trigger. 

Mr.  Thomas  makes  mention  of  the  lagging  of  the  spark.  It 
may  be  safely  said  that  the  sphere  gap  is,  in  that  respect,  in- 
finitely superior  to  any  other  method  of  measuring  the  maximum 
voltage  that  has  yet  been  suggested.  In  the  case  of  the  needle 
spark-gap,  in  order  to  produce  breakdown,  all  the  air  surrounding 
the  points  has  to  be  ionized.  This  means  that  there  is  an  energy 
component  in  the  e.m.f.  between  the  points  and  the  edge  of  the 
corona  which  not  only  produces  a  lag  of  the  actual  e.m.f.  at  the 
point  of  breakdown  but  also  causes  a  change  in  the  wave  form 
of  the  e.m.f.  between  the  edges  of  the  corona  from  that  between 
the  points.  Thus  in  the  needle  spark-gap  there  is  no  doubt  quite 
an  appreciable  lag  for  very  high  frequencies,  but  with  the  sphere 
spark-gaps  as  we  have  recommended  them,  I  think  that  the 
lag,  if  such  does  exist,  is  extremely  small. 
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As  far  as  the  small  spheres  are  concerned,  they  produce 
just  about  the  same  action  as  needle-gaps.  Wherever  there 
is  corona  at  breakdown  there  is  bound  to  be  a  lag,  because  there 
must  be  enough  energy  in  the  oscillation  to  produce  the  corona 
before  breakdown  can  take  place,  and  where  the  energy  has  to 
be  stored  in  the  field  there  must  necessarily  be  a  time  lag  of  the 
e.m.f.  at  the  points  of  rupture.  This  is  entirely  eliminated 
where  large  spheres  are  used  because  then  we  have  a  condition 
of  breakdown  without  corona. 

M.  W.  Franklin:  I  do  not  happen  to  call  to  mind  now  any 
definite  researches  bearing  on  the  matter  of  the  time  required 
for  the  formation  of  a  spark,  and  therefore  I  can  only  speak 
from  a  sort  of  integrated  activity  in  reading  and  following  such 
papers  for  the  last  ten  or  fifteen  years.  As  I  remember  it,  it  is 
a  definite,  experimental  fact  that  there  is  a  time  element  in  the 
formation  of  a  spark,  even  in  the  case  of  a  spark  between  two 
spheres,  and  that  time  must,  I  think,  be  reckoned  in  millionths 
of  a  second  at  the  utmost. 

Furthermore,  in  regard  to  the  suggestion  that  Mr.  Thomas 
made,  it  does  not  at  all  follow  that  it  requires  even  a  millionth 
of  a  second  for  a  spark  to  break  down,  that  that  spark  gap  cannot 
break  down  at  ten  million  cycles.  If  you  only  consider  that  there 
may  be  a  dozen  cycles  of  e.m.f.,  each  one  causing  a  to  and  fro 
surging  of  the  two  electrons  which  happen  to  lie  in  the  body, 
and  that  to  and  fro  surging  creates  more  electrons,  until  there 
is  a  cumulative  effect,  you  can  see  that  such  a  thing  is  possible 
from  a  half  dozen  cycles  of  enormously  high  frequency,  and 
I  do  not  think  it  possible  to  argue,  because  the  spark  gap  breaks 
down  at  10,000,000  cycles,  therefore  the  time  lag  must  be  less 
than  a  ten-millionth  of  a  second.  I  am  quite  firmly  of  this 
opinion,  not  from  a  theoretical  point  of  view,  but  merely  as  a 
result  of  having  read  nearly  everything  that  has  been  published 
on  the  subject  of  discharge  through  gases  during  the  last  fifteen 
years,  and  I  am  sure  Mr.  Peek  and  those  who  have  been  working 
on  the  subject  are  justified  in  thinking  of  a  time-lag  as  existing. 
I  am  quite  sure,  also,  that  that  time  must  be  extremely  small, 
in  the  neighborhood,  no  doubt,  of  millionths  of  a  second,  but 
I  am  also  quite  siu'e  that  the  criterion  suggested  by  Mr.  Thomas 
would  not  be  a  proper  criterion,  even  for  forming  an  estimate  of 
the  extent  of  that  time  lag. 

Charles  P.  Steinmetz:  A  few  years  ago  Mr.  Hayden  and 
myself  made  some  rather  extensi\'e  investigations  on  the  dis- 
ruptive strength  of  air  between  spheres  and  needles,  using  im- 
pulses. The  results  of  these  investigations  show  a  time  lag, 
which  was  startlingly  large,  and  measured  not  by  microseconds, 
but  by  milliseconds,  under  the  conditions  of  the  experiments. 
Our  conclusions,  however,  were  that,  (at  least  under  our  test 
conditions),  it  was  not  so  much  a  time  lag,  as  an  energ>'  lag; 
that  the  breakdown  is  not  a  question  of  time  but  a  question  of 
energy  and  that  the  time  lag  may  vary  \\dth  the  rate  of  energy 
supplied,  and  be  variable  at  the  disruptive  point. 
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That  puts  an  entirely  different  phase  on  the  question  of  high 
frequency.  You  may  have  millions  of  cycles  and  still  no  ap- 
preciable time  lag,  because  as  each  successive  half  wave  subsides, 
the  next  half  wave  continues.  So  it  is  quite  likely  that  the  phe- 
nomenon which  we  call  the  time  lag,  and  which  has  been  more  or 
less  elusively  indicated  in  very  numerous  tests  and  observations, 
is  merely  the  result  of  the  obvious  fact  that  it  requires  energy 
to  break  down  air,  and  that  energy  must  be  supplied,  and  that 
the  breakdown,  therefore,  must  be  compared  to  the  amount 
of  time  necessary  to  bring  that  energy  to  the  point  of  disruption. 

That  leads  us,  however,  to  some  interesting  conclusions.  At  the 
spark-gap  between  needle-points,  the  corona  or  brush  discharge 
which  appears  is  very  extensive  and  affects  an  enormous  volume 
of  air.  The  amount  of  energy  which  is  absorbed  by  the  brush 
discharge  is  enormously  large,  very  many  times  greater  than  the 
energy  of  electrostatic  charge  of  large  spheres,  and  experience 
seems  to  show  that  the  time  lag  in  discharging  at  very  high 
voltages  between  needle  points  is  very  many  times  greater,  and 
that  the  energy  of  the  current  flowing  into  the  needle  points  before 
the  discharge,  is  also  very  much  greater,  than  the  energy  or 
current  absorbed  by  large  spheres,  and  that  also  explains  the 
superiority  of  spheres,  provided  they  arc  used  at  such  voltages 
as  do  not  occasion  corona.  Under  these  conditions  no  energy 
is  absorbed  in  the  gradual  breaking  through  of  the  air.  On  the 
contrary,  energy  is  statically  stored  in  the  spheres,  and  is  avail- 
able to  puncture  the  air. 

As  regards  our  recent  discovery  that  spheres  are  really  better 
than  needle-points,  you  must  realize  that  that  applies  only  within 
a  certain  range  of  voltage.  Probably  for  low  voltages,  up  to 
20,000,  the  needle-gap  will  remain  the  standard,  because  the 
sphere  gap  at  these  low  voltages  is  so  small  as  to  be  inaccurate, 
owing  to  the  fact  that  any  arcing  at  the  surface  of  that  sphere, 
which  is  negligible  in  its  effect  at  distances  corresponding  to 
100,000  volts,  is  fatal  and  entirely  changes  the  disruptive 
voltage  when  you  come  to  2000  or  3000  volts. 

That  explains  why  in  thOvSe  early  days  where  the  range  up  to 
20,000  volts  covered  practically  the  entire  important  field  of 
high  voltages,  when  you  carefully  studied  the  relative  advantages 
of  the  needle-gap  and  sphere  gap  in  the  early  90's,  the  general 
consensus  of  opinion  was  that  the  needle-gap  was  the  only  one 
which  could  be  considered,  because  it  was  definite  and  was  of 
a  length  which  is  measurable,  ranging  from  5  mm.  to  20  mm. 
But  that  very  advantage  becomes  a  fatal  disadvantage  when 
you  are  dealing  with  a  half  million  volts  or  more,  and  the  needle- 
gap  becomes  many  feet  in  length.  You  then  have  to  build  a 
specially  large  structure  to  accommodate  the  spark-gap,  and  you 
have  to  dissipate  so  much  energy  in  the  corona,  before  you  get 
a  discharge,  that  it  requires  very  large  apparatus,  very  large  time 
lag,  and  a  smaller  energy  oscillation  which  is  not  observable  at 
all.     It  is  merely  a  question  of  the  relative  value  of  voltages, 
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whether  the  sphere-gap  or  needle-gap  is  preferable.  At  lower 
voltages  we  do  not  recommend  changing  from  the  needle-gap 
to  the  sphere-gap,  but  when  you  come  to  voltages  of  such  mag- 
nitude that  the  sphere  gap  is  a  measurable  length,  then  the  sphere 
gap  is  the  more  reliable  and  the  more  workable  method. 

C.  Fortescue :  I  think  that  Dr.  Steinmetz  has  sunmied  up  the 
attitude  of  those  who  have  recommended  the  spark-gap  very 
thoroughly.  There  are  one  or  two  points  in  this  spark-gap 
paper  of  ours  that  I  want  to  call  attention  to.  We  say:  "  The 
effects  of  atmospheric  pressure  and  humidity  have  also  had 
only  a  negligible  effect  on  the  break-down  voltage."  I  want 
to  correct  that  statement  and  say  that  what  we  meant  was  this: 
that  during  the  time  we  made  the  tests  the  change  in  tempera- 
ture and  atmospheric  pressure  was  too  small  to  produce  an  ap- 
preciable effect. 

I  woiild  like  to  say  a  few  words  in  regard  to  Mr.  Layman's 
experiment  some  years  ago  in  which  he  found  those  discrepancies. 
I  think  the  discrepancies  were  due  to  the  fact  that  the  spheres 
were  so  good;  in  other  words,  oscillations  which  take  place  in 
any  commercial  circuit  will  break  down  the  sphere-gap,  where 
they  might  not  break  down  the  needle-gap,  and  I  think  that  is 
probably  the  cause  of  his  discrepancies.  We  foimd  when  we 
had  a  circuit  that  was  kept  very  steady,  and  carefully  observed, 
that  all  the  points  were  consistent  throughout,  but  we  happened 
to  work  part  of  the  time  on  a  circuit  on  which  some  cranes  were 
operating,  and  every  time  a  crane  started  or  stopped  it  produced 
a  surge  which  would  break  down  the  spark-gap,  and  that  was 
noted  time  and  again,  and  pointed  plainly  to  the  fact  that  the 
slow  surge  set  up  by  the  starting  current  of  the  crane  caused  an 
oscillation  which,  at  the  peak  of  the  wave,  produced  a  superim- 
posed ripple  which  broke  down  the  spark-gap. 

C.  E.  Skinner:  I  want  to  add  that  the  very  fact  that  the 
sphere  gap  does  break  down,  due  to  these  surges,  is  a  distinct 
advantage  in  its  use  for  measuring  voltages  where  we  are  dealing 
with  insulation,  because  it  is  these  same  surges  which  break 
down  the  insulation. 

Percy  H.  Thomas:  I  think  that  Dr.  Steinmetz  has  put  this 
thing  in  pretty  nearly  its  true  light.  It  does  require  energy 
to  cause  a  discharge  through  air,  but  it  seems  to  me  reasonable 
if  we  can  apply  the  requisite  amount  of  energy  in  a  very  short 
time,  no  matter  how  short,  we  can  get  the  discharge  in  that  time. 
Taking  that  point  of  view,  wc  have  only  to  consider  how  much 
energy  has  to  be  put  in  and  how  quickly  it  can  be  supplied. 
As  Dr.  Steinmetz  pointed  out,  the  electrostatic  charge  on  the 
sphere-gap  does  supply  stored  energy  very  close  to  the  break- 
down point,  and  is  thus  able  to  maintain  a  difference  of  potential 
rigidly   at   that   point. 

The  amount  of  energy  which  it  takes  to  start  a  discharge 
through  the  air,  will  I  think,  be  found  to  be  very  small.  The 
discharge  is  started  by  the  velocity  produced  in  the  electrons. 
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and  it  does  not  take  much  time  to  start  the  cumulative  liberation 
of  more  electrons.  Furthermore,  the  time  that  it  takes  to  pro- 
duce such  motion  must  be  extremely  minute,  since  these  very 
light  bodies  have  to  move  only  a  very  short  distance. 

L.  W.  Chubb :  Dr.  Steinmetz  has  mentioned  his  experiments 
made  to  find  out  whether  a  single  impulse  of  voltage  would  break 
the  same  air  gap  as  a  continuously  applied  voltage.  The 
authors  conclude  that  the  break  is  a  function  of  time,  but  I 
believe  that  the  maximimi  peak  of  the  impulse  voltage  was  the 
true  variable.  I  would  like  to  ask  Dr.  Steinmetz  whether  this 
impulse  voltage  could  not  have  been  very  much  in  error  due  to 
the  flux  lag,  eddy  currents  in  the  core,  and  leakage  reactance, 
in  such  a  transient  test. 

Charles  P.  Steinmetz :  I  think  I  can  explain  that  this  phenom- 
enon could  not  have  been  present,  because  whatever  magnetic 
effect  eddy  currents  in  the  iron  can  exert,  would  be  exerted 
on  the  primary  and  secondary  of  the  transformer  simultaneously. 
The  cotmter  e.m.f.  appears  instantly  in  the  direct-current  pri- 
mary supply  by  the  closing  of  the  switch,  and  therefore  it  must 
have  appeared  instantly  in  the  case  of  the  secondary.  The 
only  source  of  error  which  might  exist  would  be  the  distributed 
capacity  of  the  secondary  winding,  and  that  can  be  calciilated, 
but  in  these  particular  transformers  we  measured  the  distributed 
capacity,  at  least  the  magnitude  of  it,  and  so  knew  in  which 
condition  of  test  that  effect  was  negligible;  that  is  to  say,  neg- 
ligible within  the  errors  of  test,  a  matter  of  10  per  cent,  more 
or  less. 

Since  that  time  we  have  repeated  some  of  our  tests  and  have 
taken  an  oscillogram  of  these  waves,  that  is,  these  single  impulses, 
and  we  employed  so  much  more  energy  that  you  can,  in  the  os- 
cillograms, see  the  effect  of  the  initial  rapid  rising  and  tapering 
of  the  impulses.  We  checked  up  that  phenomenon,  and  while 
there  is  some  error,  the  error  is  of  very  small  magnitude  indeed. 

L.  W.  Chubb :  I  would  also  like  to  ask  Dr.  Steinmetz  whether 
the  sparking  distances  and  size  of  terminal  were  such  that  they 
worked  above  the  corona  point? 

Charles  P.  Steinmetz :  Most  of  them  were  above  the  corona 
point.  Some  of  them,  those  with  spheres,  were  below  the  corona 
point.  At  that  time,  which  was  before  the  investigation  of 
corona  made  with  Mr.  Peek,  we  did  not  specially  register  that, 
but  my  impression  is  that  in  previous  cases  we  did  observe  marked 
corona,  and  previous  to  that  we  arranged  the  curve  of  sparking 
distances  between  the  spheres,  so  it  appears  that  at  the  circum- 
ferential condition,  with  very  sharp  and  marked  break  in  the 
characteristic  of  the  disruptive  strength  curve,  which  is  observ- 
able, that  in  the  case  of  the  sphere  gap  at  that  point  the  corona 
begins.  I  think  corona  has  a  material  time-lag  resulting  from 
its  energy-lag,  but  that  phenomenon  requires  still  further  in- 
vestigation. We  have  started  some  investigations  trying  to 
study  this  form  of  corona,  but  have  not  proceeded  far  enough 
yet  to  arrive  at  any  satisfactory  results. 
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J.  B.  Whitehead  (by  letter) :  There  will  be  little  dissent  from 
the  opinion  of  the  authors  that  the  needle-point  air  gap  as  at 
present  described  by  the  A.I.E.E.  Standardization  Rules  is  an 
inconsistent  and  unsatisfactory  standard  for  voltage  measure- 
ment. In  support,  however,  of  that  much  abused  apparatus 
it  may  be  pointed  out  that  the  standardization  rules  have  appar- 
ently not  taken  proper  account  of  the  best  information  and  study 
of  the  needle  gap  as  a  means  of  measurement  of  voltage.  The 
instrument  has  been  studied  somewhat  extensively  by  W. 
Weicker  and  his  results  published  in  the  Electrotech.  Zeilschrift 
in  1911.  Without  in  the  least  advocating  the  needle  gap  as 
a  standard,  it  may  be  pointed  out  that  it  has  now  been  shown 
that  the  needle  gap  gives  widely  varying  results  below  60,000 
volts,  but  that  above  that 'figure  under  uniform  external  con- 
ditions the  results  are  very  constant,  pro\4ded  the  angles  of 
the  points  are  chosen  between  20  dcg.  and  100  dcg.  Sewing 
needles,  therefore,  if  used  in  the  spark  gap  introduce  a  source  of 
error  which  it  would  be  fairly  easy  to  remove  by  stipulating  a 
wider  angle  for  the  point. 

The  use  of  the  sphere  gap  was  suggested  by  Alexander  Russell 
in  1907  as  a  satisfactory  arrangement  for  testing  dielectric 
strength.  In  an  earlier  paper,  referred  to  by  the  present  authors, 
he  attempted  to  reduce  the  formulas  of  Kirchhoff  for  evaluating 
the  electric  intensity  between  the  spheres.  In  this  way  he  aimed 
to  present  ready  methods  for  calculating  the  voltage  at  which  a 
given  sphere  gap  would  break  down. 

He  also  worked  out  a  number  of  cases  from  the  simpler  though 
still  somewhat  unwieldy  expressions  and  presented  them  in  the 
form  of  a  table  for  reference.  Subsequently  Russell's  discussion 
and  results  were  attacked  by  dc  Kowalski  and  Rappel  in  an  article 
in  the  Philosophical  Magazine  for  1909,  in  which  they  presented  a 
number  of  careful  measurements  with  alternating  voltages.  They 
used  spheres  up  to  30  cm.  diameter  but  did  not  carry  the  width 
of  gap  above  2  cm.  Russell  has  |)rcsentcd  two  other  papers 
dealing  with  the  sphere  gap  to  the  Physical  Society  of  London, 
which  have  been  presented  in  the  Proceedings  of  that  Society 
for  1911.  The  result  of  the  discussion  so  far  is  that  there  is 
considerable  doubt  as  to  whether  tlie  electrical  intensity  \\ithin 
the  sphere  gap  may  be  accurately  calculated  and  the  fact  that 
measurements  of  different  observers  show  a  rather  ^\4de  discrep- 
ancy. 

The  authors  have  not  in  my  o])ini()n  strengthened  the  case 
for  the  sphere  gap.  They  have  made  an  important  contribution 
to  the  experimental  knowledge  of  this  instrument,  but  their 
paper  hardly  presents  a  sufficiency  of  data  to  warrant  the  claim 
that  the  sphere  gap  should  be  used  as  a  standard  of  measurement. 
I  wish  to  express  my  interest  and  admiration  for  the  ingenious 
method  they  have  adopted  for  deriving  the  maximum  value 
of  voltage. 

In  offering  my  few  criticisms  I  trust  that  the  authors  will 
realize  that  they  are  due  only  to  my  conviction  that  the  sphere 
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gap  presents  almost,  if  not  quite,  the  same  limitations  as  the 
spark  gap.  First,  while  admitting  possible  influences  of  pressure, 
temperature  and  moisture,  the  authors  present  no  data  showing 
the  magnitude  of  the  influence  or  the  absence  of  influence  of 
any  one  of  them.  Second,  the  influence  of  proximity  of  extra- 
neous objects  is  granted  by  the  authors  and  suggestion  made  of 
various  screens  and  futvu"e  measurements  to  study  this  influence. 
Third,  little  if  any  statement  is  made  of  the  degree  of  accuracy 
with  which  the  observations  may  be  repeated.  In  fact  in  this 
connection  the  single  values  as  given  in  the  tables  show  dis- 
crepancies in  many  cases  of  an  order  of  magnitude  of  from  1.5 
to  2.5  per  cent;  e.g.  with  the  25-cm.  si)heres  for  the  gaps  of  4 
cm.  and  11  cm.,  for  the  37.5-cm.  spheres  the  gap  at  5  cm., 
and  with  the  50-cm.  spheres  the  gaps  at  8  cm.  and  12  cm.  have 
been  selected  without  any  close  scrutiny  of  these  tables.  Al- 
though the  range  in  which  the  authors'  observations  coincides 
with  those  of  de  Kowalski  and  Rappcl  is  very  narrow,  there 
is  a  considerable  discrepancy  in  the  values  obtained.;  eg.  for 
gaps  of  1.35  and  1.23  cm.  and  30-cm.  spheres  the  results  of  the 
latter  experimenters  show  37.5  and  34. G  kilovolts  respectively. 
The  present  authors  also  fail  to  interpret  the  symbols  at  the  tops 
of  their  tables.  It  would  be  interesting  also  to  know  by  what 
method  they  arrive  at  the  figures  of  electric  intensity  as  given 
in  Fig.  4. 

The  principal  objection  to  both  the  needle  gap  and  the  sphere 
gap  in  my  opinion  lies  in  the  fact  that  they  do  not  take  advantage 
directly  of  natural  constants.  It  has  been  amply  shown  now 
that  the  electric  strength  of  air  depends  markedly  on  the  dis- 
tribution of  electric  intensity  in  relation  to  the  volume  of  air. 
For  this  reason  it  has  heretofore  proved  impossible  to  present 
a  certain  method  for  calculating  length  of  a  needle  or  sphere 
gap  to  break  down  at  a  definite  value  of  voltage.  On  the  other 
hand,  the  use  of  the  appearance  of  corona  on  the  interior  of  two 
concentric  cylinders  obeys  a  law  upon  which  close  agreement  now 
obtains  among  many  observers.  The  influences  of  pressure, 
temperature,  moisture  have  also  been  studied  with  resulting 
good  agreement.  It  is  therefore  i)ossible  to  write  down  at  once 
the  dimensions  of  a  concentric-cylinder  measuring  apparatus 
which  under  given  conditions  of  temperature  and  pressure  will 
develop  breakdown  at  the  surface  of  the  inner  conductor  at 
a  given  voltage.  The  objections  to  this  method  are  the  diffi- 
culties of  observing  the  point  at  which  corona  starts,  and  the 
necessity  of  changing  the  inside  cylinder  for  different  voltages. 
The  first  of  these  objections  is  not  a  serious  one  and  it  is 
my  hope  soon  to  present  to  the  Institute  a  paper  describing 
the  adaptation  of  the  above  principle  as  a  means  of  measiuing 
voltage.  For  over  two  months  daily  observations  have  shown 
a  consistency  under  widely  varying  atmospheric  conditions  to 
within  less  than  1  per  cent. 

F.  M.  Fanner  and  E.  D.  Doyle  (by  letter) :  This  proposal  to 
measure  the  deviation  of  the  wave  form  of  an  alternator  from  a 
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pure  sine  wave  by  means  of  condenser  reactance  appears  to  be 
so  simple  and  practical  that  one  wonders  why  it  has  not  been 
suggested  before.  The  present  Institute  standard  is  indeed 
unsatisfactory,  as  it  not  only  does  not  penalize  the  harmonics 
in  proportion  to  their  undesirability  but  is  cumbersome  and  ex- 
pensive to  apply. 

The  reason  for  using  a  large  inductive  reactance  to  determine 
the  standard  value  is  not  apparent.     It  would  obviously  seem 


TABLE  I 
(a)  Measurements  on  a  badly  distorted  wave  without  vottage  transformers. 


Test 
No. 


1 
2 
3 
4 


1 
2 
3 
4 


1 
2 
3 
4 


Capacity 
microfarads 


Current 
milliamperes 


Distortion  ratio 


Ammeter — Weston  7.5  volt  dynamometer  type  voltmeter  No.  3201. 
Resi.ntance  55  ohms,  inductance  19  millihenries. 


1.959ft 
1.007 
1.007 
1.007 


I 


107.2 
122.9 
114  8 
129.4 


K.13 
8.0 
9.0^1 
11.47 


1.02« 
1.71ft 
2  07, 
2.33ft 


Ammeter — Weston  7.5  volt  dynamometer  type  voltmeter  No.  6776. 
Resistance  93  ohms,  inductance  19  millihcnrie.s. 


1.007 
0.603s 
0.603s 
0.603s 


107.0 
122.1 
114.5 
129.4 


41.4 
47.4 
53.9 
69.1 


1.01s 
I.7O4 
2.07o 
2.34« 


Ammeter — Weston  soft  iron  type  milliammetcr  No.  435,  74  milliamperes. 
Resistance  101  ohms,  inductance  292  millihenries. 


1.007 
0.454i 
0.4541 
0.454i 


106.7 
122.1 
144.5 
128  7 


42.8 
40.7 
«5.1 
74.0 


1.05c 
1.94. 
3.32 
3.38, 


(b)  Measurements  on  a  badly  distorted  wave  with  voltage  transformers. 


Voltage  stepped  up  and  stepped  down  with  two  6600-110  volt,  200-watt  voltage  trans- 
formers.    Ammeter,  Weston  voltmeter  No.  6776. 


1 
2 
3 
4 


0.603s 
0.603s 
0.603s 
0.603s 


105.2 
120.6 
112.3 
126.1 


24.3 
46.9 
53.2 
07.4 


1.01« 
1.70s 
2  08. 
2.34s 


Voltage  stepped  up  and  stepped  down  with  two  2200-110  volt.  50-watt  voltage  transformers. 

Ammeter,  Weston  voltmeter  No.  0770. 


1 
2 
3 

4 


1.007 

109.0 

42.1 

l.Olr 

0.603s 

123.9 

48.1 

I.7O7 

0.603s 

117.1 

55.8 

2.09ft 

0.603s 

130.4 

70.1 

2.36, 

Test  No.  1,  fundamental  only,  (60  cycles). 

Test  No.  2.  fundamental  with  53.5  per  cent  third  harmonic. 

Test  No.  3.  fundamental  with  37.5  per  cent  fifth  harmonic. 

Test  No.  4,  fundamental  with  53.6  per  cent  third  harmonic  and  37.7  per  cent  fifth  harmonic. 


more  simple  to  use  a  condenser  of  known  capacity,  in  which  case 

the  sine  wave  reactance   is   of  course    simply  Xs=  ^      .  The 

C  CO 

distortion  ratio  would  be  obtained  by  the  simple  measurement 
of  the  condenser  reactance  on  the  distorted  wave. 

As  the  convenience  of  the  application  of  any  new  standard 
is  of  great  i  mportance ,  \l  occv^^red  \.o  \>cv^  \rrv\.^%  'Ocva.X.  "SAxwe  figures 
taken  in  actual  measuTcmetv\,?»  ^'o\3\^  \ife  ^^^  n^wr,  i\Tt^  \Jcl. 
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Davis  has  not  given  any  figures  indicating  the  magnitude  of  the 
quantities  with  which  he  had  to  deal  in  obtaining  the  values  that 
he  gives  in  his  paper.  Furthermore,  two  questions  arise  in  the 
application  of  this  method  which  made  it  desirable  to  make  some 
tests.  First,  is  it  practicable,  in  order  to  avoid  the  use  of  large 
condensers,  to  use  ammeters  of  small  range  without  introducing 
too  much  resistance  and  inductance  in  series  with  the  condenser? 
Second,  can  the  distortion  of  high-voltage  machines  be  measured 
by  using  small  capacity  (voltage)  transformers? 

TABLE  II 

(a)  Measurements  on  a  moderately  distorted  wave  without  voltage  transformers. 

Current  measured  with  Weston  voltmeter  No.  6770. 


CajMicity 
microfarads 

E.m.f. 
volts 

Current 
milliamperes 

Distortion  ratios 

Test 
No. 

By 
calculation* 

By 

measurement 

1 
2 
3 

1.007 
1.007 
1.007 

119.5 
118.7 
12Q.2 

47.5 
51.4 
53.5 

1.04t 
1.11a 
1.15« 

1.04e 

1.134 

1.17j 

(b)  Measurements  on  a  moderately  distorted  wave  with  voltage  transformers.     Current 

measured  with  Weston  voltmeter  No.  67/6. 


Test 
No. 


Capacity 
microfarads 


E.m.f. 
volts 


Current 

niilliami>eres 


Distortion  ratios 


By 

calculation* 


By 

measurement 


Voltage  stepped  up  and  down   with  two  2200-1 10-volt,    50-watt,   voltage  transformers. 

1 
2 
3 

Test  No.  1,  fundamental  with  10.2  per  cent  third  harmonic. 

Test  No.  2,  fundamental  with  10.2  per  cent  fifth  harmonic. 

Test  No.  3,  ftmdamental  with  10 . 2  per  cent  third  harmonic  and  10 . 2  per  cent  fifth  harmonic. 


1.007 

116.4 

46.4 

l.Ott 

1.044 

1.007 

116.4 

50.3 

I. lis 

1.13e 

1.007 

116.8 

52.1 

1.15] 

1.17; 

NOTE:     "  Calculated  "  values  of  distortion  ratio  obtained  as  follows: 
For  fundamental  wave  R  »  1.00  by  definition. 
For  distorted  wave. 


.    /   El*  +  (3£,)«  +  (6£»)« 
^  JSi«  +  £3*  +  Ei* 


where  Ei,  Eg,  Eg.  are  mean  effective  voltages  of  fundamental,  third  harmonic  and  fifth 
harmonic  respectively. 

*  Sine  wave  assumed.    Oscillograph  tests  of  the  charging  current  of  a  condenser  showed 
that  the  fundamental  is  not  a  perfect  sine. 


Tables  I  and  II  show  results  of  tests  made  at  the  Electrical  Test- 
ing Laboratories  with  various  distorted,  waves  with  and.  without 
voltage  transformers.  A  high-grade  subdivided  mica  con- 
denser was  used  and  the  current  was  measured  with  different 
types  of  ammeters. 

These  results  lead  to  the  following  conclusions: 
1 .  As  is  to  be  expected,  milliammeters  of  the  soft  iron  vane  type 
have  too  much  inductance.     The  inductive  reactance  becomes 
appreciable,  so  that  the  voltage  across  the  condenser  is  no  longer 
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equal  to  the  generator  voltage.  Therefore,  in  order  to  tise  an 
ammeter  of  this  type  it  shotild  not  be  less  than  250  milliamperes 
in  range  and  suitable  indications  on  such  an  instrument  would 
require  about  10  or  12  microfarads  capacity  at  25  cycles. 

2.  Voltage  transformers  of  as  small  as  50  watts  capacity  can 
be  used  for  stepping  down  the  voltage  without  introducing  an 
objectionable  error. 

3.  All  that  appears  to  be  necessary  to  obtain  the  distortion 
ratio  of  any  machine  as  defined  in  the  proposed  definition  is  a 
standardized  subdivided  mica  condenser  of  one  or  two  micro- 
farads capacity,  a  100-milliatnpere  ammeter  with  low  inductance 
such  as  a  dynamometer  or  hot  wire  instrument,  a  voltmeter  of 
any  standard  type,  a  standard  voltage  transformer  and  a  speed 
cotmter.  The  condenser  should  obviously  be  a  high-grade  one 
in  which  the  phase  angle  is  within  a  very  few  minutes  of  90  deg. 

Charles  P.  Steinmetz :  The  purpose  of  Mr.  Davis's  paper 
is  to  recommend  the  establishment  of  a  wave  standard  which 
shall  be  based  on  the  distortion  ratio;  that  is,  on  the  ratio  of 
the  current  taken  by  a  condenser  with  the  distorted  wave  and 
the  current  which  the  same  condenser  would  take  with  a  sine 
wave.  Mr.  Davis's  paper  also  suggests  a  method  of  obtaining 
the  distortion  ratio,  where  the  alternator  is  not  accessible. 
This  condition  exists  when  you  are  considering  a  commercial 
circuit,  as,  for  instance,  in  my  laboratory.  Under  such  cir- 
ciunstances  it  is  not  always  practicable  to  determine  the  exact 
frequency.  You  can  use  the  same  wave  with  the  same  fre- 
quency, smoothing  out  the  higher  harmonics  by  high  inductance. 
The  natural  way,  where  you  have  a  generator  available,  would 
be  to  measure  capacity  with  a  condenser  and  have  the  capacity 
exactly  known,  and  measure  the  current  input  at  measured 
voltage,  and  also  measure  the  frequency. 

Naturally,  what  we  are  interested  in  is  the  voltage  wave  as  it 
exists  during  all  conditions  of  operation,  not  only  at  full  load, 
but  at  no-load.  Thus  it  would  be  very  nice  to  standardize  and 
specify  that  the  voltage  should  be  taken  at  no-load  as  well  as  at 
full  load,  and,  more  particularly,  at  condenser  load,  where  the 
distortion  is  probably  greatest.  The  only  trouble  is  that  we  have 
already  spent  much  time  in  the  discussion  of  "  equivalent  " 
loads  and  it  will  be  agreed  that  the  subject  presents  grave  diffi- 
culties. You  see  the  importance  of  specifying  a  wave  test  at 
full  non-inductive  load  and  at  full  condenser  load,  where  we  are 
discussing  means  of  getting  equivalent  load  tests  and  equivalent 
heat  tests.  Even  though  we  may  know  the  condition  which 
we  should  desire,  we  cannot  load  the  generator,  because  we  do 
not  have  the  power  available.  Zero  power  factor  load  nattu^ally 
does  not  mean  anything  here,  because  while  it  may  be  leading 
current  it  is  not  a  condenser  load,  and  does  not  exaggerate  the 
harmonics.  Thus  the  only  practical  solution  seems  to  consist 
in  assuming  that  the  different  harmonics  which  appear  under 
load,  would  probably  be  there  at  no-load,  and  would  show  the 
distortion  ratio  of  the  no-\oad  ^^n^-    It  might  be  exaggerated 
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at  full  load,  especially  condenser  load,  but  we  merely  make  al- 
lowance for  that  by  specifjring  a  low  enough  distortion  ratio. 

The  fact  is  that  the  only  additional  harmonics  which  should 
appear  tmder  load  are  probably  those  resulting  from  the  field 
distortion.  Field  distortion  is  the  effect  of  non-inductive  load. 
We  do  not  much  care  for  the  harmonics,  because  a  non-inductive 
load  is  equivalent  to  a  resistance  load,  where  the  ciurent  follows 
the  energy  wave,  and  whatever  distortion  the  voltage  wave  may 
have  it  would  not  have  any  serious  effect.  The  case  where 
harmonics  are  apt  to  be  objectionable  is  mainly  where  the  load 
is  such  as  to  exaggerate  them,  condenser  load,  and  in  that  case 
the  armature  reaction  is  not  distortional,  but  magnetizing, 
and  therefore  it  is  not  practical  to  introduce  additional  har- 
monics. We  thus  see  that  we  can  get  from  the  no-load  test 
some  good  indication  of  the  wave  shape  which  we  will  need  in 
practise.  This  appears  to  be  the  only  test  which  is  practically 
feasible. 

B.  G.  Lamme:  Mr.  Foster's  paper  shows  a  great  nimiber  of 
wave  forms  of  different  generators.  Apparently  one  object  of 
the  paper  is  to  show  what  variations  seem  to  be  permissible  in 
good  practise.  It  is  a  fact  that  many  alternators  working  today 
without  any  trouble  whatever,  have  what  appear  to  be  very 
bad  wave  forms.  It  is  only  in  special  cases  that  wave  forms 
give  any  particular  trouble,  and  sometimes  the  cause  of  the 
trouble  does  not  really  lie  in  the  machine  itself,  but  the  bad 
wave  form  in  connection  with  external  conditions  may  result 
in  disturbances  in  the  system. 

It  is  an  old,  well-known  fact  that  any  symmetrical  wave  form 
can  be  split  up  into  a  ftmdamental  and  harmonics  of  the  odd 
order.  A  wave  form  obtained  by  means  of  the  oscillograph  may 
show  us  by  analysis  what  harmonic  is  sufficiently  large  to  cause 
disturbance,  but  it  does  not  show  us  how  to  eliminate  the  har- 
monic. There  are  some  suggestions  in  Mr.  Foster's  paper  as 
to  how  this  can  be  done  by  cHstributing  the  windings  differently, 
or  by  differently  shaping  the  poles.  However,  shaping  the  poles 
by  blindly  cutting  off  what  one  thinks  should  cure  the  trouble, 
is  a  dangerous  proceeding,  as  this  might  result  in  exaggerating 
the  very  harmonic  that  it  is  desired  to  eliminate.  In  order  to 
shape  the  poles  to  obtain  the  desired  result,  it  is  necessary  to 
predetermine  the  diagram  representing  the  field  flux  distribution, 
that  is,  the  field  form;  and  from  the  study  of  this  and  its  relations 
to  the  e.m.f .  wave,  one  can  determine  pretty  definitely  just  what 
change  is  necessary  to  eliminate  any  particular  harmonic. 

I  note  that  Mr.  Foster  mentions  a  hunting  tooth  to  eliminate 
harmonics.  I  wish  to  call  attention,  however,  to  the  fact 
that  with  a  polyphase  machine,  one  should  be  careful  in  using  a 
hunting  tooth,  or  an  exact  symmetry  of  phases  will  not  be  ob- 
tained. In  three-phase  machines,  three  hunting  teetfc.  ^V^oviJA 
be  used  in  order  to  obtain  symmetry.  One  \v\iTv\,\iJg,  \.oo\}a  ^«^ 
not  give  the  desired  result. 
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A.  E.  Kexmelly:  In  regard  to  Mr.  Davis's  paper,  the  plan 
presented  therein  seems  to  be  a  great  advance  over  that  offered 
in  the  existing  Institute  rule  for  determining  wave  form.  The 
existing  rule  calls  for  determining  the  wave  shape,  then  deter- 
mining the  corresponding  equivalent  wave  shape,  superim- 
posing the  two  and  measuring  the  greatest  difference.  That 
is  a  tedious  operation  which  involves  a  considerable  amount  of 
personal  equation.  This  proposed  plan  seems  much  more  defin- 
ite, more  easily  accomplished,  and  much  more  simple.  It  is, 
however,  as  has  been  before  suggested  by  Dr.  Steinmetz,  a 
little  indefinite  in  that  it  calls  for  the  measurement  of  reactance 
in  a  condenser,  and  that  suggests  measuring  the  length  of  a 
bar,  by  meastuing  the  volimie  of  the  cubicaJ  bulk  whose  side 
was  the  length  of  this  bar.  Would  not  it  cover  all  the  purposes 
Mr.  Davis  has  in  mind,  if  we  were  to  define  simply  the  distortion 
ratio  of  a  voltage  wave,  as  the  ratio  of  the  current  produced  by 
that  voltage  in  a  condenser  to  the  current  supplied  in  the  same 
condenser  from  the  sinusoidal  e.m.f.  of  the  same  root-mean- 
square  value?  That  definition  would  call  for  a  standard  conden- 
ser of  specified  dimensions,  perhaps  a  standard  frequency  meter, 
a  standard  voltmeter,  and  a  standard  ammeter.  By  these 
instruments  the  measurements  could  be  made  without  involving 
the  definition  of  reactance  in  certain  condensers. 

M.  G.  Lloyd:  Most  of  us  are  agreed  that  the  present  rule 
defining  the  limit  of  tolerance  to  departure  from  the  sine  form 
of  wave  is  unsatisfactory,  and  Mr.  Davis  has  given  a  possible 
substitute  for  it.  All  three  papers  point  out  that  the  present 
rule  does  not  sufficiently  penalize  the  higher  harmonics  under 
certain  practical  cases,  such  as  the  charging  current  on  a  trans- 
mission line.  There  are  other  cases,  also,  where  the  higher 
harmonics  have  greater  importance  than  the  rule  gives  to  them, 
as,  for  instance,  in  eddy-current  effects  where  they  are  large 
enough  to  make  ripples  in  the  flux  wave.  In  other  cases,  how- 
ever, it  is  not  the  higher  harmonics  which  are  most  objectionable. 
In  the  case  of  hysteresis  loss  the  lower  harmonics  are  more  detri- 
mental than  the  higher  harmonics,  if  compared  on  the  basis  of 
their  equivalent  value,  as  given  by  Mr.  Davis's  rule,  that  is, 
assuming  them  in  inverse  proportion  to  the  order  of  the  harmonic. 
It  must  be  obvious  then  that  in  some  cases  this  distortion-factor 
is  a  desirable  criterion,  while  in  other  cases  some  other  property 
of  the  wave  is  of  greater  importance,  such  as  a  form-f actor ;  and 
in  still  other  cases,  perhaps  an  amplitude-factor  or  crest-factor. 

While  I  am  hardly  ready  to  indorse  the  suggestion  of  Mr. 
Davis,  it  does  seem  better  than  the  present  rule.  If  the  dis- 
tortion-factor is  to  be  made  the  measure  of  sinuosity,  I  should 
like  to  make  the  suggestion  that  the  limit  of  tolerance  suggested 
by  Mr.  Daxds  be  cut  down.  I  think  he  is  entirely  too  liberal 
in  defining  what  we  shall  accept  as  sufficiently  close  to  a  sine 
wave,  or  what  may  be  called  a  conventional  sine  wave.  To 
illustrate  this  I  have  computed  the  values  in  the  accompanying 
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table,  applying  this  limit  of  tolerance  to  the  single  case  of  hyster- 
esis loss,  such  as  woiild  occur  in  the  core  of  a  transformer,  since 
this  is  one  of  the  practical  cases  to  be  considered  in  weighing 
the  effect  of  departure  of  the  wave  from  the  sine  shape. 

In  this  table  the  percentage  variation  in  hysteresis  loss  is 
given  for  the  case  of  a  single  harmonic  (a  frequency  three  or 
five  times  that  of  the  fundamental)  for  the  two  extreme  cases 
where  the  phase  angle  is  such  as  to  produce  the  greatest  increase 
and  the  greatest  decrease  in  the  wattage.  The  last  column  in 
the  table  gives  the  range  in  hysteresis  values  possible  for  the  case 
of  the  third  or  fifth  harmonic  and  the  particular  values  of  dis- 
tortion ratio  indicated. 


CHANGE  IN   HYSTERESIS   FOR  THIRD   AND   FIFTH   HARMONIC  HAVING 
EXTREME  VALUES  OF  PHASE  ANGLES— FOR  GIVEN  DISTORTION 

RATIO 


Distortion 

Order  of 

Increase 

Decrease 

Range  in  value 

ratio 

a 

harmonic 

«/» 

in 
per  cent 

in 
per  cent 

possible, 
per  cent 

1.06 

0.342 

3 

0.114 

5.0 

6.7 

11.7 

5 

0.068 

1.6 

2.6 

4.2 

1.10 

0.493 

3 

0.1  4 

6.5 

10.8 

17.3 

5 

0.099 

2.2 

4.0 

6.2 

1.15 

0.615 

3 

0.205 

7.5 

13.5 

21.0 

5 

0.123 

2.7 

5.3 

8.0 

It  is  seen  from  this  table  that  if  we  allow  a  distortion  ratio 
of  1.15  it  is  possible,  with  the  third  harmonic  alone  present, 
to  have  a  hysteresis  loss  differing  13.5  per  cent  from  the  value 
with  a  sine  wave,  and  in  the  case  of  the  fifth  harmonic  the  diff- 
erence may  be  5.3  per  cent.  The  possible  range  in  value  is  21 
per  cent  for  the  third  harmonic,  and  eight  per  cent  for  the 
fifth  harmonic.  Even  with  a  distortion  ratio  of  only  1.10,  the 
range  for  the  third  harmonic  is  17.3  and  for  the  fifth  harmonic, 
6.2. 

The  table  illustrates  that  in  the  case  of  hysteresis  it  is  the 
lower  harmonics  that  are  most  objectionable,  and  it  also  illus- 
trates, in  my  opinion,  that  the  permissible  allowance  suggested 
by  Mr.  Davis  is  too  great  to  come  under  the  definition  of  a  sine 
wave.  If  we  should  make  a  distortion  ratio  of  1.05  the  limit  of 
tolerance  in  a  sine  wave,  it  will  be  seen  that  the  range  in  the  value 
of  hysteresis  possible  with  a  third  harmonic  is  11.7  per  cent.  It 
consequently  seems  desirable  to  me  to  limit  the  conventional 
sine  wave  to  this  value. 

In  adopting  such  a  limit  it  is  not  a  question  of  choosing  a 
figure  which  will  bring  the  best  generators  or  other  apparatus 
within  the  limit,  for  it  is  not  necessary  that  a  good  machine  be 
considered  as  giving  an  approximately  sinusoidal  wave.     To 
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cut  down  the  limit  merely  means  that  instead  of  being  able 
to  say  that  a  certain  generator  gives  a  sine  wave  within  the  limits 
of  the  Standardization  Rules  we  should  have  to  say  that  it  ex- 
ceeds the  limit  by  —  per  cent.  The  only  reason  I  see  given  by 
Mr.  Davis  for  such  a  wide  latitude  for  distortion  ratio  is  the  fact 
that  the  average  for  22  commercial  alternators  was  1.135.  In  my 
opinion  the  object  in  defining  a  sine  wave  should  not  be  to  make 
the  average  commercial  alternator  meet  the  definition. 

While  on  three-phase  circuits  the  third  harmonic  does  not 
appear  and  the  range  in  hysteresis  value  with  the  fifth  harmonic 
.would  not  be  greater  than  eight  per  cent  with  a  distortion  ratio 
of  1.15,  we  should  bear  in  mind  that  our  definitions  are  not  to 
be  confined  in  use  to  the  most  common  commercial  conditions, 
but  must  be  applicable  to  any  case  that  may  arise. 

L.  W.  Chubb :  Dr.  Lloyd  has  covered  about  what  I  was  going 
to  say  in  regard  to  the  low  harmonics. 

I  think  that  it  is  a  mistake  to  set  a  new  standard  of  wave  shape 
which  penalizes  the  higher  harmonics,  in  order  to  reduce  trans- 
mission troubles,  and  disregards  the  low  harmonic  distortions 
which  affect  iron  losses  and  in  some  cases  prevent  satisfactory 
parallel  operation. 

The  paper  starts  with  three  objections  to  the  present  speci- 
fication, which  are  not  valid  if  the  tester  knows  how  to  take 
wave-shapes  and  check  them  up  according  to  the  present  speci- 
fications. 

In  answer  to  the  first  I  would  say  that  any  maker  of  machines 
under  a  wave  shape  specification  should"  have  an  oscillograph 
available.  The  oscillogram  of  the  voltage  wave  can  profitably 
be  used  for  record,  and  to  check  the  design,  as  well  as  to  show 
that  it  meets  the  specification. 

I  object  to  the  second  objection  because  it  is  not  necessary 
to  measure  any  ordinates  to  obtain  the  equivalent  sine  wave. 
This  I  will  show  later. 

I  object  to  the  third  objection  because  no  trial  calculations 
are  necessary  to  determine  the  position  of  minimum  maximum 
deviation,  nor  is  it  necessary  to  plot  any  curves  except  to  draw 
a  circle  of  a  certain  diameter  with  ordinary  compasses. 

Suppose  the  wave  shape  in  question  is  a  polar  curve.  Its 
area  which  is  proportional  to  the  root-mean-square  value  can 
readily  be  measured  with  a  planimeter  and  the  equivalent  sine 
represented  by  a  circle  of  the  same  area.  This  circle,  drawn  on 
a  piece  of  thin  or  transparent  paper,  should  be  placed  over  the 
polar  curve  of  the  wave  in  question  and  a  needle  should  be  driven 
through  a  point  on  the  circumference  of  the  circle  placed  over  the 
pole  of  the  other  curve.  The  small  piece  of  paper  is  then  to 
be  moved  around  the  needle  as  a  pivot  until  the  minimum  maxi- 
mum deviation  between  the  two  curves  measured  on  a  radius 
vector  is  obtained.  This  difference,  expressed  in  per  cent  of  the 
diameter  of  the  circle,  is  the  final  result. 

The  polar  curve  can  be  obtained  by  a  special  mechanical 
tracing  table  if  the  oT\ig\tva\  teeoTd  has  been  taken  in  rectangular 
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co-ordinates.  But  it  is  better  to  take  the  picture  in  polar  form 
at  once  by  revolving  a  celluloid  disk  film  at  synchronous  speed 
in  front  of  the  slit  of  the  oscillograph.  The  latter  method,  of 
course,  eliminates  the  tracing  operation,  which  is  apt  to  introduce 
error. 

The  new  wave  shape  standard  proposed  by  Mr.  Davis  and  the 
test  method  to  be  used  give  the  designing  engineer  no  idea  of  the 
resulting  wave.  All  he  will  know  is  whether  his  machine  meets 
a  certain  ratio.  If  his  machine  fails  to  show  the  specified  ratio 
he  will  want  to  know  why,  and  what  can  be  done  to  reduce  the 
harmonic  distortions.  If  an  oscillogram  of  the  wave  is  taken, 
all  of  the  necessary  information  can  readily  be  obtained  and  a 
permanent  record  of  the  wave  can  be  kept  on  file  for  future 
reference. 

Mr.  Lamme  forgot  to  mention  one  source  of  quite  serious 
harmonic  distortion — that  which  is  caused  by  the  total  flux 
pulsation  in  the  machine. 

If  the  number  of  teeth  i^  divisible  by  the  nimiber  of  poles, 
there  is  a  piilsation  of  the  air  gap  reluctance  under  each  pole, 
and  as  these  pulsations  will  all  be  in  phase,  the  total  flux  in  the 
machine  will  pulsate,  and  cause  decided  ripples  in  the  voltage 
wave.  If  the  teeth  per  pole  is  an  even  number,  this  ripple  will  be 
composed  of  the  odd  harmonics  next  above  and  below  this  even 
component.  In  other  cases  it  may  be  of  tooth  frequency  or 
composed  of  the  two  odd  components  on  each  side  of  double 
tooth  frequency. 

Except  for  these  tooth  pulsations  the  wave  shapes  of  machines 
can  be  quite  accurately  obtained  from  the  designer's  plot  of  the 
field  form. 

We  find  that  the  most  satisfactory  way  to  examine  the  wave 
shape  of  a  generator  is  to  take  the  oscillogram  and  find  out  not 
only  how  much  distortion  there  is,  but  where  the  distortion  is 
and  what  the  cause  is. 

Oscillograms  can  profitably  be  taken  and  analyzed  in  all  cases 
in  which  there  is  any  question  regarding  the  wave  shape. 

Good  wave-shape  design  is  a  matter  of  evolution.  Improve- 
ment comes  from  the  study  of  the  actual  waves  of  the  machines. 

Accurate  harmonic  analysis  can  be  made  by  taking  the  os- 
cillogram on  a  disk  film  run  at  synchronous  speed,  printing  it 
on  a  zinc  disk,  etching  the  line  into  the  disk  and  placing  this 
etched  record  on  the  table  of  a  mechanical  harmonic  anaJysser, 
and  tiUTiing  a  crank.  We  have  recently  made  up  such  apparatus 
and  can  analyze  a  wave  in  a  few  minutes,  directly  from  the 
oscillogram  and  without  any  manual  tracing. 

The  present  specification  docs  not  sufficiently  limit  the  high 
harmonics.  The  proposed  standard  will  more  than  correct  this 
fault,  but  allows  too  much  latitude  for  the  low-frequency  com- 
ponents and  takes  no  account  of  the  phase  relation  of  these  low 
components. 

This  method  of  analysis  is  more  applicable  to  the  examination 
of  wave  shapes  on  finished  machines,  but  can  be  applied  in  design. 
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before  the  machine  is  btiilt,  if  the  designer  wishes  to  go  to  the 
trouble  of  analyzing  his  field  form  and  adding  this  result  trigo- 
nometrically  according  to  his  chording  and  winding.  Tliis 
latter  method  has  not  been  found  practical,  but  has  some  advan- 
tages over  the  method  of  predicting  the  wave  shape  by  adding 
the  field  forms  at  a  finite  number  of  ordinates. 

Comfort  A.  Adams :  In  regard  to  the  pulsations  of  flux  which 
have  been  mentioned,  there  are  two  varieties  due  to  tooth  varia- 
tions of  reluctance  in  the  magnetic  circuit.  One  affects  the 
conductors  in  between  the  poles  and  puts  kinks  into  the  steep 
part  of  the  wave.  This  does  not  affect  the  conductors  under 
the  center  of  the  pole,  or  produce  kinks  in  the  peak  of  the  wave. 
The  other  is  a  variation  of  jBux  distribution  rather  than  a  pul- 
sation of  flux  in  the  whole  magnetic  circuit.  It  is  sometimes 
called  the  flux  swing,  and  affects  the  conductors  under  the 
center  of  the  pole.  It  thus  puts  kinks  into  the  peak  of 
the  wave.  These  two  sets  of  kinks  are  of  the  same  fre- 
quency and  may  both  occur  in  the  same  machine,  but  they 
are  not  generally  in  the  same  phase,  consequently  it  may  appear, 
in  counting  the  kinks  in  a  wave,  that  you  have  an  even  number 
of  kinks,  but  in  analyzing  these  you  will  find  that  they  actually 
produce  odd  harmonics  in  the  theoretical  sense  of  the  term. 
The  reason  for  this  is  that  each  set  of  kinks  constitutes  a  tapering 
even  harmonic  which  when  analyzed  gives  two  odd  harmonics, 
one  of  the  next  higher  order  and  one  of  the  next  lower  order. 

However,  as  Mr.  Lamme  has  said,  in  the  vast  majority  of 
turbo-alternators,  as  well  as  in  many  other  machines,  the  air- 
gap  is  so  long  in  proportion  to  the  slot  opening,  that  these  pul- 
sations are  not  apiDrcciablc. 

Also,  if  it  is  desired  to  eliminate  this  effect,  it  is  a  simple  matter 
to  do  so,  by  having  a  fractional  number  of  teeth  per  pole.  It 
has  been  shown  in  Mr.  Foster's  paper  that  such  a  change  actually 
eliminates  the  harmonics  in  question. 

The  reason  for  this  is  very  simple,  namely,  that  in  this 
case  the  several  conductor  belts  of  a  given  phase  are  not 
located  in  exactly  the  same  position  with  respect  to  the  poles 
under  which  they  happen  to  be  at  the  instant  under  consideration. 
It  can  be  easily  shown  that  a  fractional  number  of  slots  per  pole 
per  phase  is  equivalent  to  a  much  larger  number  of  slots  per  pole 
per  phase  as  far  as  the  wave  shajxi  is  concerned,  e.g.y  1 J  slots  per 
pole  per  phase  is  practically  equivalent  to  5  slots  per  pole  per 
phase,  4 J  to  17  and  so  on.  It  is  thus  a  simple  matter  to  wipe 
out  all  tooth  kinks,  even  when  the  gap  is  short  and  the  available 
number  of  slots  small. 

Mr.  Chubb  has  pointed  out  a  method  of  computing  the  har- 
monics of  the  e.m.f.  wave  from  the  analysis  of  the  flux  distribu- 
tion curve.  Much  time  may  be  saved  in  this  method  by  making 
use  of  carefully  computed  tables  which  will  be  found  in  a  paper* 
which  I  read  before  the  Institute  on  the  subject  oi  Electromotive 
Force  Wave-Shape  in  Alternators,  nearly  four  years  ago. 

•A.  I.  E.  E.  Trans.,  XXVII    II.  p.  1053. 
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It  would  seem  therefore  that  there  is  little  excuse  for  building 
alternators  which  do  not  conform  more  closely  to  the  sine  wave 
than  suggested  by  Mr.  Davis.  On  the  other  hand,  it  should  be 
remembered  that  the  object  of  a  rule  of  this  sort  is,  simply  to  set 
an  upper  limit  for  general  purposes,  and  not  to  write  specifica- 
tions for  the  consulting  engineer.  If  the  case  requires  a  closer 
conformity  to  a  sine  wave,  it  can  be  so  stated  in  the  specifications. 
Even  some  other  form  of  test,  such  as  an  oscillogram,  may  be 
specified,  where  more  information  is  desired.  The  important 
consideration  in  connection  with  the  Standardization  Rules, 
is  to  have  a  simple  definition  of  wave  form  deviation  which  can 
be  applied  by  a  simple  test,  and  which  will  be  as  nearly  as  possible 
a  meastu-e  of  the  undesirability  of  the  deviation. 

In  the  case  of  multi-circuit  windings,  it  is  important  that 
the  circuits  connected  in  parallel  should  be  of  the  same  phase  and 
wave  shape;  but  this  is  not  always  possible  with  a  single  hunting 
tooth,  as  Mr.  Lamme  has  pointed  out.  It  is  possible  in  many 
cases,  however,  with  a  fractional  number  of  slots  per  pole  per 
phase. 

It  is  entirely  possible  so  to  design  an  alternator  that  its  no- 
load  wave  shape  will  approach  the  sinusoidal  as  closely  as  it  can 
be  measured  by  any  method;  and  so  that  it  will  substantially 
maintain  that  wave  shape  under  all  conditions  of  load,  single- 
phase  or  polyphase,  barring  the  effect  of  an  excessive  current 
distortion  produced  externally  to  the  alternator,  which  absorbs 
an  e.m.f.,  which,  subtracted  from  a  sinusoidal  generated  e.m.f. 
wave,  leaves  at  the  terminals  a  slight  distortion. 

Paul  M.  Lincoln:  I  want  to  call  the  attention  of  the  Com- 
mittee to  a  piece  of  constructive  criticism  in  Mr.  Davis's  paper. 
Here  is  a  proposed  method  of  judging  wave  shape,  which  I  think 
is  a  distinct  advance  on  what  we  had  before.  It  is  a  method  of 
measuring  wave  shapes,  which  takes  cognizance  of  the  higher 
harmonics  and  penalizes  them  in  the  order  of  those  harmonics. 
That  is  a  feature  in  the  determination  of  wave  shape  which  we 
have  not  had  heretofore,  and  which  is  a  very  valuable  thing  to 
have. 

Some  critics  have  expressed  the  fear  that  this  allowable  lati- 
tude given  by  the  proposed  factor  1.15  is  too  large.  I  am  not 
prepared  to  express  a  definite  opinion  on  the  exact  size  of  that 
factor;  it  may  be  that  further  investigation  will  make  it  desirable 
to  make  some  slight  modification  in  its  exact  value.  In  this 
connection  we  might  cite  the  table  appearing  in  this  paper,  in 
which  22  machines  arc  listed.  Of  these  22  machines  three 
have  a  form  factor  above  the  suggested  limit,  1.15.  If  this  list 
of  machines  is  typical  of  the  ordinary  run  of  machines  that  come 
along,  I  think  the  rejection  of  15  per  cent  of  them  indicates 
we  have  a  fairlv  close  limit. 

Another  fear  has  been  expressed,  namely,  that  the  latitude 
allowed  in  the  lower  harmonics  is  so  great  as  to  make  a  variation 
in  form  factor  which  may  give  rise  to  considerable  variations  in 
the  iron  losses  of  transformers.     The  one  which  has  been.  ^t*^.\j^4. 
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particularly,  is  the  variation  in  the  third  harmonic.  So  far  as 
the  third  harmonics  go,  I  think  we  can  forget  theni,  becatise  there 
are  practically  no  third  harmonics.  In  dealing  with  three-phase 
circuits  we  do  not  get  third  harmonics  in  the  circuit  from  one 
terminal  to  another.  They  cannot  appear  in  those  circuits, 
and  since  practically  everything  is  three-phase,  we  are  reason- 
ably safe  in  neglecting  tjie  effects  of  third  harmonics.  There- 
fore, the  fifth  harmonic  will  be  the  first  one  which  comes  in 
to  affect  the  form  factor,  and  the  fifth  harmonic,  entering  to 
the  maximimi  extent  it  can  tmder  this  rule,  will  not  have  a  very 
large  effect  on  the  iron  losses  of  transformers. 

Charles  P.  Steinmetz:  The  determination  of  the  wave  shape 
by  an  oscillogram,  the  resolution  and  separation  of  the  higher 
harmonics,  the  study  of  their  origin  and  their  elimination,  for 
giving  the  designer  data  by  which  to  design  machines  of  good 
wave  shape,  is  one  thing.  But  to  provide  a  specification  to  de- 
termine by  some  simple  test  whether  an  acttial  machine  will 
operate  satisfactorily  in  commercial  service,  and  therefore  is 
acceptable,  is  quite  another  thing. 

The  paper  deals  with  the  latter  consideration.  It  does  not 
deal  with  the  study  of  wave  shape  for  the  purpose  of  obtaining 
the  sort  of  information  required  by  designing  engineers.  That  we 
have  to  consider.  With  regard  to  the  (fiscrimination  against 
higher  harmonics,  as  far  as  I  can  remember  at  the  present  time, 
the  only  condition  under  which  harmonics  of  the  wave  are  harm- 
ful in  an  electric  circuit,  is  in  the  case  of  transmission  lines  and 
underground  cable  systems,  that  is,  in  their  relation  to  the 
capacity  of  the  circuits,  and  there  the  harmonic  is  approxi- 
mately proportioned  to  the  frequency.  Consequently  the  pro- 
posed new  standard  provides  an  appropriate  criterion.  It  is 
not  correct  to  say  that  the  lower  harmonics  are  harmful  regarding 
hysteresis  losses.  It  is  not  the  harmonics  there,  but  the  crest 
value  of  the  voltage  wave,  which  is  of  significance.  That,  how- 
ever, is  not  determined  by  the  wave  shape  specification  to  within 
10  per  cent  for  the  sine  shape  alluded  to.  That  may  mean  a 
peaked  wave  or  a  flat-topped  wave,  and  between  the  two  the 
difference  in  core  loss  is  about  36  per  cent.  So  you  see  that  is 
another  question,  which  is  not  dealt  with  in  the  wave  shape  speci- 
fication. 

In  regard  to  latitude,  the  old  rules  specify  that  the  deviation 
shall  not  exceed  10  per  cent  from  the  sine  shape.  It  appears 
to  me  that  to  obtain  an  equivalent  with  the  new  specification, 
we  would  have  to  take  at  random  a  large  number  of  machines,  see 
how  large  a  percentage  of  them  fall  outside  the  former  specifi- 
cation, and  ascertain  on  the  new  basis  the  limitations  which 
would  result  in  approximately  the  same  percentage  of  machines 
falling  outside  of  the  specification.  That  would  give  you  the 
equivalent.  Then  we  may  consider  whether  we  are  ready  now 
to  draw  the  lines  closet,  Tcvake  xwote  rigid  specifications,  and 
either  say  (in  the  terms  ol  tVve  o\di  ro\.^  *Owa.\.  *05\fc  tmm^\s\r&  \xNMst 
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be  within  5  per  cent  of  sine  wave,  or,  (in  the  terms  of  the  new 
rule),  that  the  distortion  factor  must  not  exceed  1.10.  That, 
however,  is  entirely  aside  from  the  question  of  the  suitable  speci- 
fication for  determining  the  distortion  factor. 

Charles  F,  Scott:  It  seems  to  me,  repeating  what  others 
have  said,  that  the  means  herein  given  of  having  a  simple  practi- 
cal determination  of  the  variations  from  sine  wave,  is  an  admirable 
one.  However,  there  may  be  a  case  in  which  machines  which 
may  fall  within  the  limitations  of  the  paper  may  have  differences 
of  importance.  This  test  does  not  indicate  whether  a  single 
harmonic  may  cause  the  limit  to  be  nearly  reached,  or  whether 
it  may  be  a  combination  in  minor  degree  of  several  harmonics. 
The  question  then  may  arise  whether  the  objectionable  result  of 
variation  from  the  sine  wave  may  not  come  from  the  preeminence 
of  some  particular  harmonic:  For  example,  one  thing  in  which 
harmonics  may  be  objectionable  is  in  the  induction  caused  in 
other  circuits.  Suppose  induction  is  caused  in  a  telephone 
circuit.  If  the  harmonic  be  near  the  fundamental,  say  the 
fifth,  it  may  be  too  low  to  cause  a  disturbance.  If  it  be  a  high 
harmonic,  several  times  that  frequency,  such  as  the  eleventh 
or  thirteenth  or  higher,  then  if  this  permissible  limit  is  nearly 
reached  by  the  predominance  of  one  high  harmonic,  a  disturbance 
may  result  which  might  not  have  occurred  if  the  harmonics  had 
distributed  throughout  the  whole  range.  I  bring  this  point 
up  to  illustrate  that  while  the  specification  is  good  as  far  as 
it  goes,  there  may  be  cases  where  it  does  not  cover  everything. 

£•  T,  Robinson:  Some  have  urged  objections  against  this 
method,  because  it  apparently  is  more  complicated  than  it  would 
be  to  take  the  calibrated  condenser.  I  think  the  proposed 
method  is  all  right;  it  makes  use  of  the  voltmeter  and  ammeter, 
things  we  are  familiar  with,  and  which  we  know  have  a  certain 
degree  of  permanence,  as  against  a  condenser  which  may  be 
permanent  to  a  certain  extent,  but  I  do  not  believe  is  in  the 
same  class  as  the  instruments.  Therefore,  it  is  not  a  compli- 
cation, but  a  matter  of  simplicity. 

M,  G,  Lloyd:  I  agree  with  Dr.  Steinmetz  that  it  is  not  a 
question  of  whether  the  departure  from  the  sine  wave  is  harmful 
or  not.  In  the  case  of  core  loss  it  may  be  either  harmful  or  bene- 
ficial, depending  upon  the  phase  of  the  harmonic.  It  is  a  ques- 
tion of  how  close  the  wave  must  be  to  a  true  sine  wave.  If 
you  specify  for  a  transformer  a  certain  core  loss,  are  you  satisfied 
to  come  within  13.5  per  cent  or  even  five  per  cent  of  the  value 
you  would  have  with  the  sine  wave? 

Taylor  Reed:  The  measurement  of  wave  records  is  assumed, 
or  authorized  by  implication,  in  the  Standardization  Rules, 
where  a  deviation  from  sine  wave  of  10  per  cent  is  designated  as 
ordinarily  permissible  (79,  80,  5e-j).  Method  and  apparatus 
for  determining  the  deviation,  as  defined  and  limited,  properly 
come  in  for  consideration.  In  measurement  of  wave  records 
at  the  present  time  practise  is  probably  very  diverse,  and  it  is 
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desirable  that  the  meastires  should  be  adequate  and  that  those 
who  use  them  should  have  a  proper  understanding  of  their  degree 
of  reliability  and  accuracy. 

The  condenser  charging  current  referred  to  prominently  in 
Mr.  Davis'  paper  is  a  useful  aid  in  detection  and  analysis  which 
has  received  too  little  attention.  Its  effect  in  making  prominent 
the  harmonics,  as  well  illustrated  in  the  figures  of  the  paper 
(Figs.  1  and  3), appears  particularly  well  in  case  only  one  har- 
monic is  present  in  appreciable  amplitude.  It  is  also  useful  as 
a  detector  of  very  small  deviations  or  imperfections  in  exceed- 
ingly good  waves  where  the  departure  from  the  sine  wave  is 
so  small  as  to  be  within  or  near  the  limit  of  acou^acv  of  direct 
wave  measiu"ement. 

Mr.  Davis  describes  in  his  paper  an  interesting  combination  of 
condenser  and  reactance  coil  by  which  the  reactance  of  the  con- 
denser for  generator  wave  and  for  sine  wave  are  made  directly 
comparable.  The  proposed  rule  based  upon  its  use,  tests  the 
generator  wave  without  specific  knowledge  of  the  form  of  the 
wave:  it  differs  radically  from  the  present  rules,  notably  in 
penalizing  the  higher  harmonics.  The  paper  does  not  describe 
means  of  transfer  to  the  proposed  rule  from  the  present,  or  cor- 
relation between  them,  as,  for  instance,  comparison  under  the 
proposed  rule  of  a  generator  of  new  design  with  a  previous  gen- 
erator for  which  only  the  wave  record  might  be  available, 
if  made  by  computing  the  harmonics  and  magnifying  them  in 
proportion  to  their  order,  would  probably  not  be  reliable  or 
closely  made. 

The  proposed  rule,  and  the  apparatus  it  describes,  provides 
a  criterion  for  waves  which  is  good  in  many  respects.  It  should 
be  placed  under  varied  and  extended  test  under  all  possible  con- 
ditions that  have  to  be  met,  and  its  adoption  should  await 
general  acquaintance  on  the  part  of  those  who  would  have  to 
apply  it,  and  adequate  demonstration  of  practicability. 

The  caution  Mr.  Davis  expresses  about  restricting  the  wave 
testing  combination  to  a  small  part  of  the  rated  generator  load, 
which  might  properly  be  incorporated  in  the  proposed  rule,  is 
very  pertinent  in  view  of  the  excessive  sensitiveness  of  some  gen- 
erators to  wave  distortion  even  under  small  fractional  loads. 
In  fact,  the  load  waves  at  various  power  factors  are  of  such  prac- 
tical importance  that  the  Standardization  Rules  seem  distinctly 
incomplete  in  declaring  a  generator  acceptable  on  a  fair  no-load 
wave,  however  distorted  its  load  waves  maybe. 

Mr.  Davis's  apprehension  of  lack  of  means  of  obtaining  wave 
forms  would  have  seemed  more  justified  some  years  ago  when  sys- 
tems were  smaller  and  more  isolated,  andwhen  oscillographs  were 
less  plenty.  In  fact,  while  the  amount  of  material  obtained  by 
oscillograph  now  being  presented  is  considerable,  it  is  impossible 
for  one  acquainted  with  the  number  of  oscillographs  in  operation 
and  with  the  character  of  those  who  have  them  in  charge  not  to 
believe  that  engineering  demands  requiring  its  application  are 
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being  adequately  looked  after:  and  indeed  that,  further,  a  large 
volume  of  material  has  been  secured,  the  presentation  of  which 
would  contribute  to  the  advancement  of  the  art,  and  to  its 
beauty  as  well. 

Cassius  M.  Davis :  It  might  be  interesting  to  know  the  magni- 
tudes of  the  quantities  used  in  making  the  twenty-two  tests  listed 
in  the  paper.  The  condenser  had  a  reactance,  on  60  cycles,  of 
approximately  750  ohms.  Inserted  in  series  with  this  was  the 
inductive  reactance  to  give  the  sine  wave,  which  had  about 
3000  ohms.  The  current  measured  on  the  ammeter  was  in  the 
neighborhood  of  one  ampere,  and  the  voltage  across  the  con- 
denser was  approximately  700  volts.  The  question  has  been 
raised  as  to  the  use  of  the  inductive  reactance  in  series — that  we 
might  as  ^vell  calibrate  the  condenser  in  the  first  place.  This 
reactance  is  used  because  the  idea  of  the  test  is  to  make  it  as 
simple  and  as  rapid  as  possible,  to  be  purely  a  commercial  test; 
and  if  further  details  are  required,  an  oscillogram  should  be 
taken. 

Dr.  Kennelly  suggested  the  ratio  of  currents  rather  than  the 
ratio  of  reactances  of  the  condenser.  This  would  be  possible 
if  the  voltage  were  held  constant,  but  it  is  frequently  difficult 
to  do  that,  especially  if  we  are  using  the  reactance  in  series,there- 
fore  we  would  have  to  read  the  voltage  and  current  anyhow, 
which  gives  the  reactance  at  once. 

Mr.  Reed  brought  up  the  question  of  correlation  between  a 
test  which  has  been  made  on  an  old  machine  under  the  old  rules 
and  a  test  which  may  be  made  on  a  new  machine  imder  the  pro- 
posed rules.  I  have  calculated  a  large  number  of  oscillograms, 
and  by  taking  the  ordinates  close  enough  together,  or,  as  has 
been  suggested,  by  using  an- analyzer,  the  oscillogram  can  be 
analyzed  with  sufficient  accuracy,  to  derive  the  distortion  ratio 
from  it;  then  the  wave  shapes  of  the  two  machines  can  be  com- 
pared. 

Comfort  A.  Adams:  While  such  criticisms  as  we  have  heard 
have  their  place,  it  should  be  remembered  that  the  method  pro- 
posed is  a  distinct  advance  over  the  old  one,  both  in  the  signifi- 
cance of  the  definition  of  distortion  and  in  the  simplicity  of  the 
method  of  measuring  it;  also  that  the  critics  have  not  yet  sug- 
gested a  better  one.  Unless  we  find  something  still  better, 
this  should  certainly  find  place  in  the  Standardization  Rules. 

F.  D.  Newbury:  I  wish  to  recommend  the  method  of  calcula- 
tion of  regulation,  advocated  by  Mr.  Field,  because  it  is  based 
as  nearly  as  any  method  can  be  on  test  data.  The  present  rule 
is  not  adapted  to  modern  machines  or  modem  conditions.  Any 
method  that  separates  the  reactance  voltage  from  the  armature 
demagnetization  is  a  step  in  the  right  direction.  I  believe  it 
is  still  better  if  separation  by  calculation  is  made  unnecessary 
by  the  test  data,  as  it  is  in  the  method  recommended  by  Mr. 
Field. 

S.  S.  Sejrfert:  In  Mr.  Mortensen's  paper,  the  use  of  the  Kapp 
or  the  Potier  diagram  is  recommended  for  the  predetermination 
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of  alternator  regulation.  During  1908  and  1909,  Mr.  F.  T. 
Leilich  and  the  writer  made  a  study  of  this  subject.  The  effects 
of  armature  reaction  and  armature  impedance  were  speciallj' 
investigated.  After  passing  from  one  to  another  of  a  large  num- 
ber of  methods  of  predetermination,  a  comparatively  simple 
one  was  arrived  at,  which  gave  resiilts  checking  very  closely 
with  those  obtained  from  the  direct  tests. 

The  chief  faults  of  the  old  methods  are  that  they  either  assume 
that  armature  demagnetization  may  be  reduced  to  an  equivalent 
reactance  or  that  the  field  ciurent  on  short  circuit  is  a  measture 
of  the  true  armature  reactance.  The  so-called  synchronous 
reactance  obtained  from  the  short  circuit  test  is  a  fictitious  quan- 
tity. The  reading  of  the  voltmeter  across  the  armature  after 
the  short  circuit  is  broken  is  far  in  excess  of  the  induced  voltage 
while  the  ciurent  is  flowing.  When  normally  loaded,  the  current 
of  the  machine  encoimters  no  reactance  as  large  as  this.  The 
major  portion  of  the  field  excitation  is  directly  annulled  by  the 
armature  demagnetization  which  is  at  its  maximum  value  in 
this  case.  It  seems  better,  therefore,  to  compute  all  voltage 
drops  by  using  values  from  the  static  impedance  tests,  which  are 
easily  made. 

In  using  static  impedance  values  it  is  necessary,  if  accuracy 
is  required,  to  consider  the  saturation  of  the  machine,  and  to 
remember  that,  for  power  factors  near  unity,  the  minimum 
value  is  more  correct,  while,  for  power  factors  near  zero,  the 
maximum  should  be  used.  The  following  figures  show  the  com- 
parative values  of  the  synchronous  and  true  reactances  of  the 
machine  on  which  tests  were  made. 
Apparent  synchronous  reactance 

(/o  =  30  amp.  //=1.2amp.)  6.30  ohms 

Real  or  static  reactance  (maximum) 2.84  ohms 

Real  or  static  reactance  (minimum) 1.92  ohms 

In  the  discussion,  Mr.  Leilich  has  outUned  the  tests  required 
and  the  essentials  of  the  method.  It  should  be  noted  that,  for 
any  condition  of  running,  the  induced  armature  voltage  is  found 
from  the  terminal  voltage  by  what  is  \artually  the  old  e.m.f. 
method,  excepting  that  the  static  reactance  is  used  for  getting 
the  armature  drop.  The  armature  demagnetization  is  found 
and  reduced  to  an  equivalent  field  ciurent  by  what  seems  to  be 
a  rational  method. 

The  accuracy  of  the  method  has  been  checked  for  all  degrees 
of  saturation  of  the  machine  and  for  power  factors  other  than 
unity.  There  was  no  marked  failure  of  the  method  for  abnor- 
mal nmning  conditions. 

Comfort  A.  Adams:  It  should  be  noted  that  regulation  tests 
as  made  with  ordinary  instruments  and  by  ordinary  observers, 
are  more  liable  to  error  than  a  really  careful  calculation.  I  have 
devoted  a  great  deal  of  time  to  this  subject,  have  made  very 
careful  measiu-ements,  and  many  calculations  by  all  of  these 
methods,  and  I  have  rather  come  to  feel  that  I  would  trust 
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my  calculations  as  closely  as  observations  made  by  ordinary 
conmiercial  methods  and  instruments. 

Alexander  Gray:  My  experience  has  been  that  the  method 
suggested  by  Mr.  Field  is  by  far  the  best  method.  I  also  think 
we  should  carry  out  his  suggestions  and  guarantee  regulation 
on  zero  power  factor,  then  we  have  something  which  we  can  test. 
If  we  desire  a  simple  method  by  which  to  check  regulation,  then 
let  us  use  the  pessimistic  method  proposed  by  Mr.  Behrend,  and 
forget  about  the  optimistic  method  altogether.  The  majority 
of  alternators  have  a  full-load  satiu'ation  curve  on  zero  power 
factor  very  close  to  the  pessimistic  curve.  I  have  seen  a  few 
machines  of  which  the  full-load  zero  power  factor  saturation 
curve  was  below  the  pessimistic  ciu've,  due  to  the  enormous 
increase  of  field  leakage  which  we  have  under  these  conditions. 

Comfort  A.  Adams:  The  curve  calculations  I  referred  to 
took  account  of  increased  field  leakage. 

Frank  T.  Leilich:  Messrs.  Mortensen  and  Field  in  their 
papers  on  alternator  regulation  have  called  attention  to  apart 
of  the  standardization  rules  that  has  long  needed  revision. 
The  late  Professor  Henry  Rowland  once  remarked,  when  told 
that  practise  did  not  agree  with  theory,  "So  much  the  worse 
for  the  practise."  This  is  the  case  with  the  present  Standard- 
ization Rules  regarding  the  predetermination  of  regulation; 
the  practise  is  wrong  from  a  theoretical  standpoint  and  as  a 
consequence  the  practise  gives  very  poor  results. 

Mr.  Mortensen  calls  attention  to  the  fact  that  regidation  has 
been  ably  handled  in  a  ntmiber  of  papers  presented  before  the 
Institute  and  methods  proposed  for  its  predetermination  which 
give  results  m  good  accord  with  actual  test.  Professor  Arnold 
in  his  celebrated  works  on  design  has  also  given  the  subject 
excellent  treatment. 

The  methods  which  give  the  best  results  have  in  general  been 
open  to  the  criticism  that  they  are  rather  long  and  laborious. 
To  get  a  clear  imderstanding  of  the  principles  imderlying  a 
rational  method  of  calculating  regulation  it  may  be  well  to  outline 
the  factors  which  cause  the  voltage  of  an  alternator  to  fall, 
when  a  load  is  put  on  the  machine.     These  are: 

A.  Armature  resistance. 

B.  Armature  reactance. 

C.  Armature  demagnetizing  action. 

D.  Increased  leakage. 

The  effect  of  resistance  in  causing  voltage  drop  is  usually 
quite  small,  and,  as  pointed  out  by  Mr.  Field,  can  in  most  cases 
be  neglected. 

Armature  reactance,  on  the  contrary,  has  a  pronounced 
effect  on  the  voltage  regulation  and  must  be  considered.  Messrs. 
Hobart  and  Punga  in  their  paper  before  the  Institute  (Trans.  Vol. 
23 — 1904,  p.  291)  give  a  method  of  estimating  reactance.  Profes- 
sor Arnold  also  derives  formulas  for  this  factor,  livi^cX.^t^aRX"a.TkRfc 
way  be  calculated  from  the  design  data  ol^Vv!^  tnajcjcvvafc  '^^^J£v  ^ 
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very  fair  degree  of  accuracy.  When  the  machine  is  on  the  test 
floor,  why  not  determine  the  reactance  by  direct  measurement? 
This  can  readily  be  done  by  the  application  of  a  voltage  of  the 
same  frequency  as  the  machine  is  designed  for,  and  measuring 
the  voltage  drop  across  the  armatiu'e.  As  is  well  known,  the 
reactance  will  vary  with  the  position  of  the  armature  bands  with 
respect  to  the  poles  and  also  with  the  saturation  of  the  iron  in  the 
neighborhood  of  these  bands.  However,  full-load  conditions  are 
the  ones  usually  considered  and  these  may  be  reproduced  with 
sufficient  accuracy  for  reactance  measiu'ements  by  fully  exciting 
the  field  and  having  the  current  in  the  armature  at  full-load  value. 


0'         15         30'        i-Y        GO"        7^'        90* 

true  angle  of  lag  of  current. 
Fig.  8 — Armature  Demagnetizing  Action 


Under  this  condition  the  machine  corresponds  to  a  synchronous 
motor  that  has  fallen  out  of  step  and  come  to  a  standstill,  the 
armature  current  being  himted,  however,  to  normal  value. 
Under  the  above  conditions  the  armature  may  be  jacked  around 
through  180  electrical  degrees  and  the  maximum  and  minimum 
voltage  drops  observed.  According  to  experiments,  the  aver- 
age reactance  may  be  figured  with  sufficient  acciu'acy  for 
practical  purposes  by  using  the  average  of  the  maximum  and 
minimum  drops  for  calculating  the  impedance,  and,  from  the 
known  value  of  armature  resistance,  figuring  the  reactance. 

The  sine  formula  as  gjvvetvb^  "Wit  ."^oxV^Tv^^xviot  o.-^lcixlating  the 
armature  demagnetizing  act\0Tv^X\^^^r^t^Tcv."^TV&si^^^  O^^^Rfcx^^^^te.. 
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This  bucking  action  of  the  armature  is  the  principal  factor  acting 
to  cause  a  fall  in  voltage  of  a  generator  and  it  is  essential  that  it 
be  determined  as  accurately  as  possible.     The  curves  in  Fig.  8 

are  the  results  of  some  experi- 
ments performed  by  Professor 
Seyfert  and  the  writer,  at  Lehigh 
University,  to  see  how  close  the 
demagnetizing  action  as  calcu- 
lated by  the  formula*  agrees  with 
Pjq  g  actual     results.      The     machine 

A  B-Ampere.tun,8  for  full-load  current    ^CStcd  WaS    a   Salient    polc  TCVOlv- 

at  o  power  factor.  ing   field   generator   so  arranged 

C  B — Ampere-turns     for     full-load     im-    ^i      .     .v  -i  r  j-i-  m-  -L   - 

prance  drop.  that  the  nvunbcr  of  the  coils  per 

^^^^Tato^SStcS?.""^""  phase  could  be  Changed  at  will. 

a — An   angle   of    which    the   cosine  is    The     full-linC   CUTVCS   aTC  the  test 
equal  to  the  ratio  of  the  anna-  i^  j  j.t_      ji    ^^    ^ 

ture  resistance  to  impedance.         rcSUltS  and  thC  QOttea  CUTVeS   are 

sine  curves.  The  curves  show 
that  the  width  of  the  band  of  conductors  has  a  slight  influence 
on  the  demagnetizing  action,  but  on  the  whole  the  agreement  with 
the  sine  law  is  very  close. 

Mr.  Field  has  given  a  method  of  correcting  for  the  increased 
leakage  under  load,  so  that  now  all  quantities  affecting  regulation 
may  be  considered  mathematically. 

Demagnetizing  action  as  determined  from  short-circuit  con- 
ditions is  not  a  true  measure  of  its  effect  under  normal  condi- 
tions of  operation.  Referring  to  Fig.  10,  it  is  clear  that  a  reduc- 
tion in  field  strength  on  the  straight  part  of  the  saturation  curve 
produces  a  greater  fall  in  voltage  than  the  same  reduction  beyond 
the  knee  of  the  ciur^e.  However,  an  assumption  that  the  effects 
are  the  same  will  tend  to  compensate  for  the  effects  of  increased 
leakage,  which  may  then  be  neglected  for  most  practical  cal- 
culations. 

In  conclusion,  the  following  modification  of  the  methods 
proposed  for  determining  regulation  is  suggested.  With  the 
machine  on  the  test  floor,  make  the  following  tests: 

1.  Armature  resistance. 

2.  Armature  impedance,  from  which  reactance  may  easily 
be  calculated. 

3.  No-load  saturation  curve. 

4.  Field  ampere-turns  for  full-load  current  at  zero  power 
factor. 

Having  the  above,  the  armature  demagnetizing  ampere- 
turns  for  full-load  current  at  zero  power  factor  may  be  calculated 
graphically  as  shown  in  Fig.  9.  Lay  off.  Fig.  10,  the  line  Et 
equal  in  length  to  the  terminal  voltage  of  the  machine  at  an 
angle  with  OX  such  that  the  cosine  of  this  angle  is  equal  to  the 
power  factor.  Draw  AB  the  RI  drop,  if  this  is  to  be  considered, 
parallel  to  OX.  From  B  draw  BC  perpendicular  to  OX  and  of 
a  length  representing  the  reactance  drop.  T\veTv  OC  \s»  >Jc\fcva- 
temal  voltage  of  the  machine  and   9'   tVie  tot^  axi^^t  oi  V^'^- 
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From  the  figure  it  is  evident  that  OD  represents  the  ampere-tums 
that  would  be  required  if  demagnetizing  action  were  not  present. 
Step  off  OE  on  OC^  equal  to  the  demagnetizing  ampere-tums  of 
the  armature  at  full-load  ciurent,  zero  power  factor,  to  the  same 
scale  as  the  field  ampere-ttuns.  Then  OF  represents  the  armature 
demagnetization  imder  the  given  conditions.  From  D  step  off 
DG  equal  to  OF,  then  OG  represents  the  total  ampere-tums  re- 
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quired  for  normal  load  under  the  given  conditions.  The  in- 
tersection with  the  no-load  saturation  curve  of  a  vertical  line 
drawn  through  G  gives  the  value  to  which  the  voltage  will  rise 
if  the  load  is  removed. 

This  method  has  been  found  to  give  results  close  to  actual 
test.  Inasmuch  as  all  of  the  quantities  admit  of  predetermina- 
tion, the  calculations  may  be  made  from  design  as  well  as  test 
data. 

W,L.  Waters:  The  Potier  triangle  method  of  determining 
regulation,  which  is  described  by  Mr.  Mortensen,  and  especially 
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the  empirical  method  of  appl3dng  it  outlined  by  Mr.  Field,  is 
undoubtedly  the  most  satisfactory  method  used  by  designers 
to-day.  But  I  think  it  will  be  well  to  refer  all  measurements  to 
a  complete  zero  power  factor  load  saturation  ciuve  determined 
by  direct  test,  rather  than  to  rely  too  much  upon  theoretical 
or  empirical  deductions.  Mr.  Fiedd's  triangle  method  requires 
one  zero  power  factor  load  reading,  and  it  will  require  very 
little  more  time  and  expense,  and  be  much  more  satisfactory, 
to  complete  the  zero  power  factor  load  curve.  With 
this  and  Mr.  Field's  recommendation  No.  4,  we  have  a 
reliable  basis  for  checking  any  regidation  guarantee  for  any 
power  factor  from  100  per  cent  to  0  per  cent,  and  for  any  cturent 
load  not  greater  than  the  highest  value  for  which  the  zero 
power  factor  curve  was  determined. 

George  Smith :  The  writer  can  testify  to  the  acctu*acy  as  applied 
to  widely  different  types  of  alternators  of  the  method  proposed  in 
Mr.  Mortensen's  paper  for  the  calculation  of  alternator  regulation. 
He  would  call  attention,  however,  to  a  method  set  forth  by  Pro- 
fessor C.  A.  Adams  in  the  Harvard  Engineering  Journal  in  1902, 
which  is  based  on  the  same  fundamental  principles  and  is  quite 
as  accurate  as  the  method  imder  discussion.  Prof.  Adams' 
method  appeals  to  the  writer  as  eliminating  all  graphical  con- 
struction. With  the  armature  reaction  known,  and  with  the  no- 
load  saturation  curve,  the  short-circuit  characteristic  and  ar- 
mature resistance  taken  from  test,  the  regulation  for  any  load 
at  any  power  factor  may  be  calculated  by  a  few  simple  formulas. 

The  armature  reactance  (x)  is  determined  from  theshort- 
circtiit  test.  The  field  m.m.f.  at  short  circuit  is  used  to  over- 
come the  armature  reaction  and  the  impedance  drop.  As  the 
resistance  is  generally  small  compared  with  the  reactance, 
the  reactance  and  the  impedance  may  be  assumed  to  be  of  the 
same  value.  Then  the  reactance  drop,  IX,  may  be  read  directly 
from  the  no-load  saturation  curve  at  the  field  strength. 

Fs  =  F,  —  A 

where  Fg  =  field  ampere-turns  giving  the  current  /  at 
short  circuit, 

and  A  =  the  armature  reaction  at  the  ciurent  /. 

With  the  reactance,  -Y,  thus  determined,  and  the  resistance, 
JR,  taken  from  test,  the  virtual  generated  voltage,  £„  for  any 
load  or  power  factor,  may  be  calculated  from 

£.  =  V  (£  cos  e+IR)*  +  (£  sin  d+I  Xy 

where  E  =  normal  rated  voltage 
ind  cos  d  =  power  factor  of  load. 
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The  field  strength,  F,,  corresponding  to  £,  is  read  from  the 
no-load  saturation.  Then  the  total  field  strength,  F,  required 
to  give  the  voltage  E  at  the  load  /  is  figured  from  the  formula 

The  no-load  voltage,  £©,  corresponding  to  the  field  strength 
F,  is  then  read  from  the  saturation  curve  and  the  regulation  de- 
termined  therefrom. 

In  the  application  of  the  above  formulas  it  is  to  be  remembered 
that  the  values  of  voltage,  current,  resistance  and  reactance  are 
per  phase  of  the  armature  windings. 

C.  J,  Fechheimer  (by  letter) :  'Hie  methods  which  the  authors 
propose  for  the  determination  of  the  zero  power  factor  ctuve, 
from  which  the  curves  at  other  power  factors  may  be  determined 
with  sufficient  acciu'acy  for  any  commercial  purposes  by  means 
of  Kapp's  diagram,  are  in  general  those  which  are  the  results  of 
experience  and  have  been  found  to  agree  very  closely  with  ex- 
perimental results. 

We  wish  only  to  suggest  a  method  for  enabling  the  pturchaser 
or  his  representative  to  determine  what  the  inherent  regulation 
of  his  machine  is,  without  resorting  to  the  test  and  calctdated 
no-load  sattu^ation  curve  vnih.  full-load  leakage  advocated  bj^  Mr. 
Field,  nor  to  the  indeterminate  proportions  of  the  triangle  of 
Mr.  Mortensen. 

We  have  found  from  considerable  experimentation  that  the 
reactance  component  of  the  triangle  used  by  both  authors  can 
l>e  determined  by  direct  measurement  with  the  rotor  removed, 
the  current  being  circulated  at  normal  frequency  in  one  phase. 
The  voltage  then  measured  will  be  very  close  to  the  reactance 
drop  in  the  machine  with  the  same  current.  In  order  to  allow 
for  the  armature  reaction  we  can  determine  this  from  the  short- 
circuit  curve,  after  allowing  for  the  reactance  drop,  and  determin- 
ing how  many  ampere-turns  remain.  These  ampere-turns,  how- 
ever, should  be  increased  in  the  case  of  a  machine  in  which  the 
magnetic  circuit  contains  iron  which  is  to  some  extent  sattu'ated, 
by  increasing  these  ampere -turns  by  an  amoimt  equal  to  the 
leakage  factor. 

In  general  this  factor  is  1.1  to  1.3,  and  sufficiently  accurate 
results  could  in  general  be  obtained  by  assuming  it  to  be  1.2  for 
the  Institute  rule.  This  in  general  gives  results  which  are  but 
very  little  different  from  those  obtained  by  actual  test  at  zero 
power  factor. 

A.  E.  Kennelly:  I  will  call  on  Mr.  Lamme  to  make  a  sum- 
mation of  the  conclusions  arrived  at  thus  far  in  this  con- 
ference, in  his  opinion. 

B.  G.  Lamme:  It  is  difficult  to  state  what  conclusions  can 
be  reached,  as  a  result  of  the  discussions,  because  we  have  not 
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gotten  all  the  evidence  together.     However,  I  can  make  a  few 
definite  statements. 

When  we  first  took  up  this  question  of  the  revision  of  the  ndes, 
the  two  sub-committees  got  together  and  decided  upon  certain 
lines  upon  which  to  work,  and  then  later  the  Sub-committee  on 
Revision  took  up  many  of  the  points  which  have  been  discussed 
in  the  papers  presented  at  this  meeting.  One  thing,  evident  all 
the  way  through,  was  that  a  great  many  desired  rules  could  not 
be  defined  accurately.  We  could  not  measiu'e  temperatiu'e 
acciu'ately.  We  could  not  specify  how  to  make  equivalent  load 
tests,  and  we  even  could  not  say  how  to  measure  the  losses  ac- 
curately. Apparently,  nothing  could  be  done  accurately,  and 
yet  there  has  been  a  general  impression  that  what  we  have  been 
doing  in  the  past  was  all  right. 

So  many  changes  were  suggested  that  it  was  decided  that  rather 
than  go  aJiead  and  make  changes  oiu^selves,  we  would  put  the 
whole  matter  before  the  public,  present  the  evidence,  and  ac- 
knowledge that  we  could  not  do  anything  acciu'ately  and  then 
find  what  others  thought.  It  was  suggested  time  and  again 
that  we  would  bring  a  tempest  about  our  ears,  and  we  have  done 
so  to  some  extent,  but  we  decided  that  it  was  better  to  bring  out 
the  facts,  and  then,  if  we  could  not  draw  any  conclusions  from  an 
open  discussion,  we  would  go  ahead  as  best  we  could. 

From  the  discussion  it  appears  to  be  accepted  that  we  cannot 
obtain  accurate  results,  but  in  some  cases,  it  seems  to  me,  an 
exaggerated  impression  of  the  inacciu'acies  has  been  obtained. 
Take,  for  instance,  the  question  of  load  losses.  From  the  dis- 
cussion, one  might  assume  that  these  are  very  large  in  many 
cases.  I  think  one  of  the  reasons  why  it  was  thought  that  the 
load  loss  in  alternators  is  excessive  is  because,  in  many  cases,  it 
was  referred  to  as  a  percentage  of  the  armature  copper  losses  on 
short  circuit,  and  this  percentage  looked  rather  large.  But  it 
must  be  remembered  that  the  armature  copper  loss  is  sometimes 
relatively  small,  so  that  an  extra  loss  of  100  per  cent  on  short 
circuit  may  be  a  very  small  item  in  the  total  losses.  It  may 
soimd  large  as  a  percentage,  but  the  total  amount  may  not  be 
very  noticeable. 

Take  a  large  turbo  generator,  for  instance;  the  copper  losses  in 
the  armattire  may  be  only  20  per  cent  as  great  as  the  iron  loss  and 
may  be  also  only  20  per  cent  as  great  in  the  friction  and  windage, 
or  in  effect  the  copper  loss  may  be  only  10  per  cent  of  the  other 
losses,  or  less  than  10  per  cent  of  the  total  losses.  In  such  cases,  it 
makes  but  little  difference  if  the  armatiu"e  copper  loss  is  increased 
50  per  cent,  or  100  per  cent,  since  it  represents  but  a  small  part 
of  the  total.  Upon  analysis,  it  will  be  seen  that,  in  general, 
most  of  the  extra  or  stray  losses  are  quite  small  in  proportion  to 
the  total  losses  in  the  machines. 

It  is  the  same  way  with  many  other  things.  We  must  not 
get  an  exaggerated  idea  of  the  value  of  the  inaccuracies  or  dis- 
crepancies.    In  most  cases,  it  is  possible  to  get  a  fair  indication 
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of  them.  That  is  what  we  have  been  trying  to  do,  in  bringing 
them  out  in  this  convention.  The  fact  that  we  cannot  make 
acctirate  measurements  in  many  cases,  is,  from  one  point  of  view, 
rather  discouraging.  On  the  other  hand,  we  might  say  that  it 
is  very  encouraging  to  have  these  facts  so  fully  recognized,  for 
if  we  cannot  make  acctu^ate  determinations,  it  is  better  for  every- 
body to  know  it,  which  has  not  been  the  case  heretofore.  It  is 
better  to  know  that  we  cannot  make  accurate  determinations 
than  to  think  we  can  and  be  wrong  about  it. 

We  must  consider  that  while  the  facts  brought  out  show  how 
indefinite  is  our  imderstanding  of  some  of  the  laws  with  which  we 
are  working,  yet  otir  admission  of  ignorance  does  not  really  make 
the  application  of  these  laws  any  more  inacctu^ate  than  hereto- 
fore, and  does  not  make  our  errors  any  larger  than  they  were, 
and  it  was  thought  by  the  Standards  Committee  that,  in  bringing 
these  facts  forward,  we  would  be  conferring  a  benefit  on  the  in- 
dustry by  showing  just  what  the  true  situation  is. 

Heretofore,  there  has  been  a  general  air  of  confidence  concern- 
ing many  of  these  things.  Until  comparatively  recently,  many 
of  the  now  questionable  points  were  considered  as  entirely  satis- 
factory. Electrical  designs  are  now  better  than  ever  before, 
but  we  now  recognize  many  of  the  real  difficulties,  and  do  not 
hesitate  to  tell  about  them. 

Leo  Schuler:  I  wish  to  congratulate  the  American  Institute 
of  Electrical  Engineers  and  especially  the  Standards  Committee, 
on  this  very  successful  convention,  and  I  must  confess  that  I 
have  learned  a  great  deal,  not  only  from  the  papers  and  dis- 
cussions presented,  but  also  from  the  general  manner  in  which 
this  Convention  was  organized  and  its  transactions  carried  on. 
I  was  quite  surprised  to  see  how  many  of  your  engineers  took 
an  active  interest  in  the  Standardization  Rules,  and  I  shall  bring 
this  as  a  brilliant  example  before  the  eyes  of  my  German 
colleagues. 

I  wish  to  thank  you,  gentlemen,  for  having  not  only  allowed 
me  to  attend  your  convention,  but  to  take  active  part  in  the  dis- 
cussion. I  feel  sure  that  the  report  I  am  going  to  make  to  the 
German  Standards  Committee  will  help  us  a  good  deal  in  the 
successful  completion  of  our  work,  and  I  also  hope  that  the  re- 
marks I  have  occasionally  made  here  will  somewhat  contribute 
to  make  the  American  and  the  German  Standardization  Rules, 
if  not  equal,  at  least  comparable. 

If  you  \vdll  consider  that  the  world's  market  of  electrical  ma- 
chinery is  practically  controlled  by  the  American  and  the  German 
firms,  you  will  understand  the  importance  of  such  an  agreement 
in  the  Standardization  Rules.  I  thank  you,  gentlemen,  for  the 
very  kind  reception  you  have  given  me. 


A  Papmr  preseuUd  at  tkt  San  Francisco  Section 
of  the  AmgHcan  Institntt  oj  Electrical  Engineers, 
February  28.  1913.  and  at  the  Los  Angeles 
Seaion,  April  22.  1913. 

Copyright  1913.     By  A.  I.  E.  E. 


OPERATION  OF  TRANSMISSION  LINES 


BY    LEE    HAGOOD 


This  paper  will  deal  with  controlling  voltage  and  power  factor 
in  transmission  lines  by  means  of  synchronous  machines.  The 
first  part  will  relate  to  moderate  voltage  systems  having  small 
charging  currents  but  large  inductive  loads,  and  the  second  part 
to  systems  having  high- voltage  transmission  lines  in  which  the 
charging  current  is  considerable.  The  underlying  principles  are 
substantially  the  same  in  both  cases. 

SYSTEMS  OPERATING  AT  MODERATE  VOLTAGES 

Where  the  transmission  line  is  short  and  the  voltage  is  60,000 
volts  or  below,  the  charging  current  is  so  small  that  it  may  be 
neglected  so  far  as  voltage  or  power  factor  is  concerned. 

Fig.  1  represents  a  transmission  line  and  Fig.  2  a  vector  diagram 
illustrating  the  relation  between  generator  voltage  and  receiver 
voltage  for  an  inductive  load. 

It  is  assumed  that  the  current,  voltage  and  power  factor  are 
measured*  at  the  load  end  of  the  line.  The  actual  current,  /, 
lags  behind  the  receiver  voltage  by  the  angle  d  whose  cosine  is 
the  power  factor;  it  causes  a  drop  through  the  resistance,  R,  in 
phase  with  it,  i.e.,  IR  can  be  drawn  parallel  to  /;  and  causes  a 
drop  through  the  reactance  90  deg.  out  of  phase  with  /,  the  cur- 
rent lagging  with  respect  to  IX,  i.e.,  IX  may  be  drawn  at  right 
angles  to  /  in  the  direction  indicated.  The  vector  Eq  represents 
the  required  voltage  at  the  generator  end  of  the  line. 

•In  complex  quantities  £2  =  iSi  +  /oZ  since  K  =  0,  (see  Dr.  Steinmetz's 
formulas,  page  868  of  this  paper)  where  /o  =  »i  -f  i«2   and   Z  "  r  —  jx. 
Hence  £2  —  -Ei  "*  ur  +  *2«  +  J  («2''  —  «i*).       The  imaginary  quantity 
affects  the  result  so  slightly  that  it  may  be  neglected^  es^^'oiSX^  ^>DA.tk. 
the   power  factor  is  flagging. 
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By  an  inspection  of  Fig.  2,  the  following  is  evident: 
K  -  £<:  -  £>  =AD  =  AB  +  BC+CD 

AB  =  IR  cos  e  =  IJi. 

BC  -^  IX  sine  =  UX 

CD  '=  Ea  -  Eacosx  =  Ea (l  -  cos  a) 
Then  V  =  I.R  +  IJC  (apiiroximatcly) 


Pig.  2 — Vector  Diagram  of 
TsANSWissiON      Line     Showin 
Relation  between  Gbf 
AND  Receiver  Voltage. 
Eq     =  Generator  voltage. 
Eg     =  Receiver  volts. 
V      =  Voltage  drop. 
/        =  Receiver  current. 
/,       —  Energy  component  ci  I. 

=  Wattless   component  of  /. 

=   Resistance    between    £c 
and  £b. 

•-  Reactance  between    Er 

=  Angle  whose  cosine  is  the 

power  factor. 
"  Angle    whose    tangent    is 

R/X. 
=  Angle  between  Ea  and  £b. 


I, 


Fig.  3 — Relation  of  Genera- 
tor Voltage  to  Receiver  Voltage 
FOR  Different  Loads  asd  Power 
Factors  for  a  Constant  Receiv- 
ing Voltage  of  21,000  Volts. 

Tbe  dolled  curves  are  calculated, using  Ihe 


io  ^^*r 


The  quantity  E^  (1  —  cos  a)  is  so  smail  that  it  may  be  neglected. 
In  dropping  this  quantity  the  maximisni  error  is  about  two  per 
cent  for  the  usual  conditions  that  arise  in  practise,  which  pre- 
cision is  below  the  requirements  of  the  present  problem.  This 
gives  us  a  very  simple  and  convenient  formula  for  voltage 
drop,  viz,  V  =  /,R  ±  I»X-,t\ie  pWs  s.\^ti  should  be  used  if  the 
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current  is  lagging  with  respect  to  the  receiver  volts,  and  the 
negative  sign  if  leading. 

Fig.  3  illustrates  the  effect  of  power  factor  on  voltage  drop  in 
transmitting  power.  It  is  assumed  that  the  generator  voltage 
is  varied  in  such  a  manner  as  to  maintain  constant  voltage  at 
the  receiving  end  of  the  line.  For  simplifying  the  problem 
equivalent  high-tension  voltages  and  resistance  are  used.  These 
curves  represent  a  condition  where  the  ratio  of  resistance  to 
reactance  is  0.42,  this  ratio  being  tangent  (f).  (See  Fig.  2.) 
Had  this  ratio  been  greater,  the  curves  would  have  been  steeper. 
The  dotted  curve  shows  the  calculations  using  the  approximate 
formula,  while  the  full  line  is  accurately  calculated. 

It  is  thus  seen  that  when  the  reactance  in  a  transmission  cir- 
cuit is  of  any  magnitude,  the  cfTect  of  the  wattless  current  on 
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Fig.  5 — Current  and 
Power  Factor  Rela- 
tion OF  Two  Alter- 
nators IN  Parallel. 


Fig.  6 — Current  and 
Power  Factor  Rela- 
tions FOR  AN  Alterna- 
tor in  Parallel  with 
A  Synchronous  Motor 


voltage  drop  is  considerable.  With  a  synchronous  machine  on  the 
receiver  end  of  the  line,  we  can  control  this  wattless  current  and 
therefore  regulate  the  voltage  difference.  For  this  method  of 
control,  considerable  reactance  in  the  circuits  involved  is  a 
desirable  quality. 

Phase  or  Power  Factor  Control 

Fig.  4  is  a  one-line  diagram  of  a  simple  transmission  system 
and  Fig.  5  is  a  vector  diagram  of  the  phase  relations,  assuming 
both  machines  No.  1  and  No.  2  to  be  synchronous  generators, 
while  Fig.  6  illustrates  the  phase  relations  assuming  machine 
No.  1  to  be  a  generator  and  machine  No.  2  to  be  a  motor. 

Referring  to  Fig.  5,  0  L  to  scale  is  the  kilowatts  supplied  the 
load  and  is  equal  to  0  N  plus  0  M,  which  are  the  outputs  of  gen- 
erators No.   1  and  No.  2  respectively.     The  division  of  load 
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between  these  generators,  as  with  all  synchronous  generators 
in  parallel,  is  entirely  a  question  of  prime  movers;  proper  divi- 
sion of  load  may  be  obtained  automatically  by  means  of  gov- 
ernors, or  non-automatically  by  hand  control  of  the  throttle 
or  water  gate,  depending  upon  whether  the  prime  mover  in 
question  is  a  steam  engine  or  waterwheel.  In  a  similar  manner 
the  wattless  current,  or  wattless  kv-a.  of  the  load,  is  the  algebraic 
sum  of  that  supplied  by  the  generators,  and  its  division  between 
them  is  entirely  a  matter  of  relative  field  excitation;  suitable 
division  of  the  load's  wattless  kv-a.  may  be  obtained  automatic- 
ally by  means  of  voltage  regulators,  or  non-automatically,  by 
hand  control  of  their  field  rheostats.  If  the  excitation  of  gen- 
erator No.  2  is  increased,  I2  will  increase,  but  the  terminal  of 
this  vector  necessarily*  moves  in  the  locus  //'  because  the  energy 
component  is  unaffected,  since  division  of  load  can  only  be 
changed  by  adjusting  the  relative  inputs  of  the  prime  movers; 
to  satisfy  the  new  position  of  /a,  /i  must  move  to  a  position 
where  /l  is  the  vectoral  sum  of  /i  and  h]  thus  by  changing  the 
excitation  of  generator  No.  2,  we  can  change  at  will  the  power 
factor  or  phase  of  the  transmission  line. 

In  Fig.  6,  it  is  assumed  that  synchronous  machine  No.  1  is  a 
generator  and  No.  2  a  motor.  O  N  represents  the  generator 
output  and  this  equals  O  Jlf  plus  OL,  the  kilowatts  required  by 
the  motor  and  load  respectively.  In  this  case  again  the  wattless 
current,  or  wattless  kv-a.  of  the  load  is  equal  to  the  algebraic  sum 
of  the  wattless  kv-a's.  supplied  by  the  synchronous  machines. 
By  var>4ng  the  excitation  of  the  motor,  the  power  factor  or 
phase  of  the  transmission  line  may  be  varied  at  will. 

Whether  machine  No.  2  is  a  motor  or  generator,  raising  its 
excitation  raises  the  voltage  of  its  busbars,  and  vice  versa.  When, 
for  example,  we  raise  the  excitation  of  machine  No.  2,  we  raise 
the  flux  and  therefore  the  internal  generated  e.m.f.  and 
this  produces  a  change  in  the  idle  wattless  ciurent  between 
the  machines,  the  reaction  of  which  in  the  armature  of  No.  1 
is  equivalent  to  an  increase  in  field  excitation  on  No.  1. 
The  reaction  caused  by  any  tendency  towards  a  new  voltage 
condition  on  a  system,  therefore,  is  a  mutual  one;    the  machine 

•This  statement  neglects  the  fact  that  any  changes  in  voltage  will  tend 
to  change  the  load  on  the  system,  since  the  power  consumption  of  lamps, 
etc.,  depends  upon  the  square  of  the  applied  voltage.  Any  change  in  load 
on  a  system  simply  tends  to  change  the  frequency,  which  in  turn  actuates 
the  governors  on  the  prime  movers,  dividing  the  load  according  to  their 
individual  speed  characlenstKcs. 
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whose  excitation  is  raised  suffers  a  change  in  its  power  factor 
so  that  an  armature  reaction  occurs,  tending  to  demagnetize  its 
fields,  while  the  other  synchronous  machines  react  by  changing 
their  power  factors,  tending  to  magnetize  their  fields ;  the  system 
will  thus  acquire  a  new  voltage,  exciting  current  being  furnished 
by  the  machine  on  which  we  attempted  to  raise  the  voltage  to 
the  other  synchronous  machines  in  the  system.  This  mutual 
reaction  between  synchronous  machines  occurs  whenever  the 
voltage  balance  between  them  is  disturbed.  The  magnitude  of 
these  phenomena  depends  mainly  upon  the  number  and  sizes  of 
the  synchronous  machines  on  the  system,  and  the  resistance  and 
reactance  in  the  circuits  involved. 

If  we  should  take  any  single  machine  and  control  its  excitation 
automatically  with  a  voltage  regulator,  holding  the  voltage 
constant,  the  power  factor  of  this  machine,  as  well  as  those  in 
parallel  with  it,  would  vary  through  certain  limits,  tending  to 
preserve  the  voltage  at  this  point  in  spite  of  variations  in  load 
tending  to  destroy  it. 

Automatic  Voltage  Regulation 

Referring  to  Fig.  7,  we  could  apply  a  voltage  regulator  to 
either  machine  No.  1  or  machine  No.  2  or  to  both.  To  make  the 
analysis  of  this  problem  simple,  it  will  be  assumed  that  voltage 
regulators  are  applied  to  both  machines,  and  that  machine  No.  2 
is  a  synchronous  condenser.  A  synchronous  condenser  is  a 
specially  designed  synchronous  motor  for  operating  without 
energy  load  from  minimum  current  to  full  kv-a.  As  the 
maximum  losses  are  quite  small,  in  the  magnitude  of  four 
per  cent  of  the  kv-a.  rating  of  the  synchronous  condenser, 
their  consideration  for  the  present  will  be  neglected. 

Since  the  voltage  drop  is  constant,  the  wattless  current,  /wi 
which  must  be  maintained  in  the  transmission  line  at  the  receiver 
end  for  different  loads,  can  be  obtained  from  the  following 
equation : 

V  -  LR 


w 


X 


and  the  energy  component  of  the  current  (for  a  three-phase  cir- 
«^"^*)is  _       kilowatts 


£r  X  1.73 
The  actual  current  at  the  receiving  end  ol  tVveV«ve\%  \}cv<Mfc\nfte. 
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and  the  actual  power  factor  at  the  receiving  end  of  the  line  is 
cos  e  =  /.// 

All  of  these  quantities  have  been  plotted  in  Fig.  8  for  a  given 
condition  of  voltage  drop  and  resistance  and  reactance. 

To  obtain  the  synchronous  condenser  current,  which  is  sub- 
stantially  wattless,    we    first   determine  the  »™e»i«»o«i 
wattless  current  of  the  load,  viz:  oiwrnr™ 

/wL  =  /•  tan  Ol  ^^■ 

and  the  synchronous  condenser  current  will  be 

/,   -    /wL  T   Jw 

The  minus  sign  should  be  used  if  /«  is  lagging 
and  the  plus  sign  if  it  is  leading.  Fig.  9  gives 
two  sets  of  synchronous  condenser  curves,  one 
assuming  the  load  to  have  a  constant  power 
factor  of  0.8  and  the  other  of  0.6. 


'  LI 

r 

M 

^i^fED 
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x^<w^"5r^^ 

-VJI 

Fig.  8— iLLusi 
OF  Current,  its  Enerc.v  and 
Wattless  Component,  to  the 
Kilowatts  for  Constant  Volt- 
age Drop 


Constant  Voltage  Drop.     Two 
CosmTioNs    OF    Load    are    As- 


Other  AT  0.8  Power  Factor. 


Figs.  10,  11,  12  and  13  illustrate  the  effect  of  maintaining 
different  voltage  differences  between  the  generating  and  receiving 
ends  of  a  certain  transmission  line.  The  values  of  voltage  drops 
are  taken  at  18.8,  8.8,  1.2  and  0  per  cent.  It  may  be  noted 
that  the  power  factor  appears  to  av-kiTO'sniv  ^twi  (sanstant  value^ ._  ^ 
for  all  loads  as  the  voVtas-c  iVRe^wvce  \«wot«s  ^tsssJSi..    T^tS*- 
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condition  occurs  when  the  line  /,  intersects  /«  at  the  origin, 
which  is  the  condition  of  zero  voltage  difference,  if  the  capacity 
current  is  negligible.  The  value  of  the  power  factor  under  this 
condition  approaches  unity  as  the  ratio  of  J?  to  A"  increases,  this 
ratio  being  the  tangent  of  angle  <f>.  These  data  apply  to  the 
transmission  line  illustrated  in  Fig.  7.    It  is  a  three-ohase,  22  000- 


«.2 


,  \  ■  :  \  \  \y 

■    -^^''' 

;^i>>^^  " 

PiG9.  10,  11,  12  AND  13— Show  th 
Dbops*  of  18,8,  8.8,  1,2  and  0  per  ci 
System  in  Fig.  7. 

The  equivalent  bigh-tennon  misUnce  snd  reoc 
ohmi.  mpectively.  The  equivalent  high-tension  rei 
■rncbniiuHU  condenier  current  ii  bBKd  on  a  load  o(  C 


voltage  i>  21,000  void. 


by  the  appj' 


and  io'ni 


volt,  60-cycle  line.  12.7  miles  (20.37  km.)  long,  consisting  of 
three  No.  2  copper  conductors  spaced  30  in.  (76.2  cm.).  The 
resistance  and  reactance  given  are  phase  to  phase  values,  and 
include  the  transformers. 

Evidently,  if  the  voltage  established  at  the  recrivin^  a-ai  ¥.^i«.i- 
Mting  end  of  a  transmission  line  is  such  that  the  voVta^e  Aio^  "■« 
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small,  the  voltage  at  the  receiver  end  being  controlled  by  a  syn- 
chronous machine  with  a  voltage  regulator,  there  is  no  necesaty 
for  a  voltage  regulator  at  the  generating  station.  It  becomes 
practical,  therefore,  to  operate  a  system*  by  controlling  the 
voltage  at  the  distribution  centers  by  means  of  synchronous 
condensers  with  voltage  regulators,  without  using  volts^  regu- 
lators on  any  of  the  generators. 

Controlling  the  voltage  at  the  receiving  ends  of  transmission 
lines  by  governing  the  wattless  current  so  as  to  operate  the 
lines  with  small  voltage  drops,  not  only  brings  about  highly 
satisfactory  service  on  account  of  the  excellent  voltage  regulation, 
but  makes  the  operation  of  the  system  very  flexible.  Since  the 
power  factor  in  the  transmission  line  and  its  transformers  and 
generators  is  above  0.9  except  at  light  loads,  the  waterwheels 
or  steam  units,  as  the  case  may  be,  can  operate  at  all  times  at 
efficient  points  of  their  load  curves  without  any  limit  being 
encountered  due  to  transformers,  generator  and  transmission 
line  capacity,  such  as  might  occur  if  the  power  factor  were  low. 
Since  the  copper  losses  vary  inversely  as  the  square  of  the  power 
factor  for  a  given  load,  considerable  net  saving  may  be  accom- 
plished by  correcting  the  power  factor,  although  losses  occur  in 
the  synchronous  machines  effecting  the  correction.  Another 
advantage  that  comes  from  operating  a  system  in  this  manner  is 
that  the  small  voltage  drops  avoid  to  some  extent  the  necessity 
for  transformer  taps.  But  most  important  of  all  seems  to  be  that 
considerable  reactance  may  be  used  in  the  generators,  trans- 
formers and  transmission  lines,  and  this  makes  the  problem  of 
switching  a  simple  one,  since  the  destructive  effects  of  short 
circuits  may  be  largely  eliminated. 

HIGH- VOLTAGE  TRANSMISSION  SYSTEMS 

In  the  transmission  of  power  over  a  long  high-voltage  line, 
say  for  voltages  of  60,000  volts  and  higher,  the  exciting  or  watt- 
less currents  which  must  be  provided  are  not  only  those  for  the 
induction  motors,  transformers,  etc.,  but  whatever  is  required 
by  the  transmis.sion  line  itself.  A  transmission  line  has  both 
inductance  and  capacity,  both  of  which  require  exciting  current. 
The  leading  current  required  by  the  capacity  is  of  very  much 
greater  magnitude  than  the  lagging  current  required  by  the  in- 

*For  a  description  of  a  system  so  operated  see  the  author's  article  in 
the  General  Electric  Review  for  December,  1912,  entitled  "  Operation  of 
Synchronous  Machines  in  Parallel." 
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ductance,  hence  the  exciting  current  to  charge  a  transmission 
line  is  always  leading,  that  is,  with  reference  to  the  generators. 
To  charge  a  line  by  means  of  a  synchronous  motor  requires  lag- 
ging current.  On  some  of  the  110,000- volt  lines,  as  much  as 
10,000  kv-a.  is  required  to  charge  a  single  line  under  normal  vol- 
tage conditions.  Even  considerably  more  than  this  is  necessary 
for  140,000-volt  lines. 

It  may  appear  that  a  happy  solution  of  the  voltage  and  power 
factor  problem  arises  if  the  exciting  currents  caused  by  an  in- 
duction motor  load  just  offset  the  charging  ciurent  of  the  trans- 
mission line.  The  difficulty  arises  in  such  a  case  that  the  number 
of  induction  motors  in  operation  is  imder  the  control  of  cus- 
tomers and  is  therefore  a  variable  quantity,  whereas  the  charg- 
ing current  is  fixed  by  the  voltage  and  constants  of  the  line; 
furthermore,  other  loads  such  as  railway,  lighting,  etc.,  have 
their  variations:  hence,  to  maintain  suitable  voltage  at  the  re- 
ceiving end  of  a  transmission  line  requires  in  general  that  the 
generating  voltage  be  varied  through  large  limits.  In  many 
stations  the  characteristic  load  is  such  that  for  different  periods 
of  a  day  the  necessary  generator  voltage  can  be  foretold;  if  the 
lines  are  short  the  operators  can  often  adjust  successfully  the 
field  currents  to  meet  the  demands  at  the  receiver  end,  or  the 
field  current  may  be  controlled  automatically.  But  this  method 
of  control  may  be  totally  inadequate  for  long  high-voltage 
lines. 

Voltage  Regulation  Limitations 

In  the  design  of  a  transmission  system,  the  voltage  regulation 
must  be  within  such  limits  on  all  parts  of  the  system  that  satis- 
factory service  is  secured  and,  at  the  same  time,  all  the  trans- 
formers obtain  proper  exciting  voltages  and  the  lightning  arrest- 
ers be  exposed  only  to  safe  dynamic  voltages. 

Service  for  lighting  loads  is  very  exacting,  since  a  2  per  cent 
variation  in  voltage  causes  a  change  of  approximately  8  per  cent 
in  candle  power.  Service  for  power  loads  is  not  so  exacting ;  nev- 
ertheless, it  is  of  considerable  importance,  because  on  reduced 
voltage  the  starting  torque  and  maximum  horse  power  of  in- 
duction motors  fall  off  as  the  square  of  the  voltage.  Since 
the  power  consumed  by  any  load  falls  off  approximately  as  the 
sqtiare  of  the  voltage,  it  is  of  great  importance  to  power  com- 
panies that  the  voltage  be  maintained  as  high  as  is  consistent 
with  satisfactory  service. 
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Transformers  should  have  proper  exciting  voltage,  because  in 
general,  a  departure  from  normal  rated  voltage  reduces  the  capac- 
ity for  a  given  heating  rise.  By  exciting  voltage  is  meant  the  volt- 
age applied  on  the  side  from  whence  the  power  comes.  Re- 
ducing the  voltage  by  a  given  per  cent  reduces  the  kv-a.  capadty 
substantially  by  the  same  per  cent,  since  the  ampere  capacity 
depends  on  the  size  of  conductors.  Increasing  the  voltage 
above  normal  decreases  the  output,  because  the  exciting  current 
is  increased  and  also  the  core  losses.  Just  how  much  increased 
losses  occur  for  a  given  over-voltage  depends  upon  charac- 
teristics in  design,  but  it  is  safe  practise,  in  general,  never  to 
exceed  say  5  per  cent  of  the  rated  \'oltage. 
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Fig.  14— Shows  the  Generator  Voltages  to  Maintain  a  B 
CEivER  Voltage  of  100,000  Volts  for  Different  Power  Factors  a 
Kilow.\tts.     The  Transfohmeb  Constants  are  Included. 


To  prevent  lightning  arresters  from  being  endangered  by  over- 
voltage,  they  should  not  be  exposed  to  a  voltage  regulation  ex- 
ceeding 15  or  20  per  cent.  Lightning  arresters  are  designed  to 
protect  against  transient  voltages,  and  their  characteristics 
are  such  that  they  offer  protection  only  around  the  normal 
voltage  rating.  Should  a  lightning  arrester  be  called  upon  to 
relieve  a  transient  voltage,  when  the  dynamic  or  steady  voltage 
of  the  system  was  15  or  20  per  cent  above  that  at  which  the 
lightning  arrester  was  charged,  it  would  be  exposed  to  serious 
damage,  on  account  of  the  large  flow  of  current  occurring. 
Hence,  it  is  not  considered  safe  practise  to  expose  a  lightning 
arrester  equipment  to  a  voltage  regulation  exceeding  15  or  20 
per  cent. 
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Eppect  op  Power  Factor  at  Receiver  on  Voltage  Drop 
Figs.  14  and  15  illustrate  the  effect  of  voltage  drop  for  differ- 
ent loads  and  power  factors,  while  Fig.  16  shows  the  system  to 
which  the  data  apply.     In  Fig.  14  the  ordinates  represent  the 
kilowatts  supplied  the  receiver  and  the  abscissas  the  voltages  at 
the  generators.     Equivalent  high-tension  values  of  voltage  are 
used,  the  per  cent  difference  being  between  the  generator  and 
receiver    low-tension     busbars, 
since  the  transformer  reactance 
has  been  included  in  the  calcu- 
lation.    For  example,  if  20,000 
kw.  at  0.8  power  factor  were  re- 
„  quired  by  the  receiver  at  100,000 
g  volts,     the     generator    voltage 
I  would  have  to  be  132,000  volts, 
5  or  32   per  cent  above   the  re- 
g  ceiver  volts,  and  at  no-load,  to 
°  maintain  the  same  receiver  volts, 
the  generator  volts  would  have 
to  be  93,000  volts,  or  7»per  cent 
below  the  receiver  volts,  causing 
w^So    a  total  range  at  the  generating 
station  of  39  per  cent.     This  is, 
of  course,   an   operating  condi- 
iiECEHnva.ri..i«.gog  tion  impracticable  to  meet.    Fig. 

•HciHiiFcn  15  gives  a  set  of  curves   where 

Fig.  15— Illustraths  the  Gen-  the  generator  voltage  is  plotted 
EBATOB  Voltages  for  Diffkrest  against  power  factor.  For  ex- 
KiLowATTs  TO  Maintain  a  Re-  ample,  suppose  20.000  kw.  were 
cEivBR  Voltage  of  100.000  ^^  be  received  at  100,000  volts, 
Volts.    Assuhing     the     Power    ,,  t      n.-    i      j    i,         tu 

Factor    of    the     Receiver    at  curve  for  this  load  shows  the 

Different  Values.  different  voltages  that  would  be 

required  at  the  generating  sta- 
tion for  different  power  factors  at  the  receiver. 

For  a  given  set  of  conditions  on  a  long  transmission  line,  the 
power  factor  varies  at  different  points  along  the  line,  due  to  the 
effect  of  the  distributed  capacity.  The  only  points  which  need 
be  considered  are  the  generator  and  receiver  ends  of  the  line, 
^ce  the  power  factors  here  determine  the  kv-a.  capacities  of 
the  generators  and  transformers.  As  will  be  seen  below,  the 
jwwer  factors  at  these  points  for  a  given  transmission  line  de- 
pend upon  the  voltage  difference. 
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Constant  Voltagb  Drop 

As  with  the  lines  previously  considered,  having  negligiUe 
charging  current,  as  soon  as  the  voltage  is  fixed  at  two  points 
fixed  conditions  of  power  factor  are  established  from  no  load  to 
full  load,  independently  of  the  power  factor  of  the  load. 

Fig.  16  is  a  one-line  diagram  of  a  system.  The  transmissioii 
line  is  154  miles  long,  the  conductors  bang  No  000  copper,  spaced 
10  feet  in  a  vertical  plane,  which  is  equivalent  to  13  ft.  (3.96 
m.)  equilaterally.  The  constants  to  neutral  are,  resistance 
53.9  ohms,  reactance  171  ohms  and  shunted  admittance  0.0008 
mhos.     The  transformer  resistance  and  reactance  are  included 


J2^ 


Fig.  16 — (The  Charac-  Fig.  17 — Shows  tbe  Approximatb  Rb- 
TERiSTics  OF  THIS  Line  are  lations  for  a  Constant  Voltage  DROr 
GIVEN  IN  Col.  2,  Table  I.)      of  5  per  cent  for  the  Lisa  in  Fig.  16. 


It  will  be  assumed  that  this  line  is  to  be  operated  at  five  per 
cent  voltage  drop,  constant  voltage  being  maintained  by  voltt^e 
regulators  on  the  generators  and  synchronous  condenser. 

As  it  will  simplify  the  problem,  first  the  approximate  relations 
will  be  established  and  then  the  same  general  results  obtained 
accurately. 

The  following  approximate  formula  applies  for  voltage  drop, 
as  follows: 

V  =  IJt  +  1^-1^/2 

This  formula  is  a  modification  of  that  already  given  to  in- 
clude the  charging  current  /,.     Since  the  capacity  is  distributed 
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along  the  line,  we  can  assume  that  the  voltage  drop  is  approxi- 
mately IcX/2.  The  actual  wattless  current  in  the  receiver  end 
of  the  line  is  /».  For  most  conditions  this  formula  wiH  be  ac- 
curate within  a  few  per  cent.  Table  I  gives  an  idea  as  to  the 
limitations  of  its  use. 

Fig.  17  shows  a  set  of  curves  similar  to  those  in  Figs.  8  and  9. 
For  simplicity  it  is  assumed  that  the  sjmchronous  condenser 
losses  are  negligible.  The  current  required  by  the  synchronous 
condenser  will  depend  upon  /»,  the  amount  of  wattless  current 
which  must  be  maintained  in  the  receiver  end  of  the  line  for  a 
given  voltage  difference,  and  upon  the  load's  wattless  current  /«  l. 
For  the  sake  of  comparison  two  conditions  of  load  are  assumed, 
one  at  0.8  power  factor  and  another  at  0.9  power  factor.  The 
actual  current  at  the  receiver  end  of  the  line  is,  of  course,  inde- 
pendent of  the  load's  power  factor,  but  depends  upon  the  voltage 
difference  maintained  and  the  kilowatts  delivered. 

Results  obtained  in  the  above  manner  are  accurate  enough 
for  a  preliminary  examination  of  a  problem,  but  for  important- 
calculations  greater  accuracy  is  necessary.  Dr.  Steinmetz  has 
made  possible  a  very  simple  solution  of  the  problem  by  the  follow- 
ing formulas*,  viz: 

Ei  =  Eo  (1  +  ZY/2)  +  /oZ  (1  +  ZF/6). 
/i  =  /o  (1  +  ZY/2)  +£oF(l  +  ZF/6). 

These  equations  involve  complex  quantities;  £iand  /i,  and 
Eo  and  lo  represent  the  voltage  and  current  at  the  generator 
and  receiver  ends  respectively,  while  Z  and  F  are  the  impedance 
and    shunted    admittance   between    the   points   in  question. 

Thus,  by  knowing;  the  constants  of  a  line  and  assuming  the 
voltage,  kilowatts  and  power  factor  at  the  receiving  end,  the 
voltage,  kilowatts  and  power  factor  of  the  generating  end  can 
be  determined  as  well  as  the  efficiency  of  transmission.  For- 
tunately it  works  out  here,  as  with  those  lines  where  the  charging 
current  is  negligible,  that  for  a  given  voltage  difference,  the  re- 
lation of  wattless  current,  or  wattless  kv-a.  in  the  receiver  end 
of  the  line  has  a  straight  line    relation  with    the  kilowatts. 

Fig.  20  is  a  set  of  curves  similar  to  those  in  Fig.  17.     The 

•For  a  solution  of  a  problem  with  these  formulas  see  article  by  P.  W. 
Peek  in  the  June  1913  number  of  the  General  Electric  Review,  entitled 
"  Practical  Calculations  of  Long- Distance  Transmission  Line  Character- 
istics." 
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voltage  difference  and  line  constants  are  the  same.  Since  the 
line  "Receiver  Wattless  kv-a."  in  Fig.  20  has  a  straight  line  rela- 
tion with  the  kilowatts,  only  two  points  are  necessary  for  its 
location.  It  is  convenient  to  locate  one  point  by  the  amount  of 
wattless  lagging  kv-a.  in  the  receiving  end  of  the  line  which  will 
give  the  specified  voltage  drop  at  zero  load.  Fig.  18  is  a  curve 
from  which  the  information  may  be  obtained,  it  being  8500 
wattless  lagging  kv-a.  for  a  voltage  drop  of  5  per  cent.  Another 
convenient  point  is  where  the  kilowatts  transmitted  is  at  unity 
power  factor,  that  is  where  the  ''Receiver  Wattless  kv-a.**  is 
zero,  gives  the  same  voltage  drop.  Fig.  19  is  the  curve  from 
which  this  information  may  be  obtained,  it  being  13,000  kw. 
at  unity  power  factor  for  a  5  per  cent  voltage  drop.  Thus  the 
line  "Receiver  Wattless  kv-a."  can  be  established  and  from 
it  the  receiver  kv-a.  and  power  factor  as  well  as  the  synchronous 
condenser  kv-a.,  for  different  values  of  kilowatts.  To  deter- 
mine the  kilowatts  and  power  factor  at  the  generator  end  in- 
volves the  use  of  the  complex  equations.  It  will  be  found  that 
the  voltages  calculated  will  check  up  with  the  assumption  that 
for  a  given  voltage  difference  the  wattless  kv-a.  in  the  receiver 
end  of  a  line  has  a  straight  line  relation  with  the  kilowatts. 

Fig.  21  gives  the  values  of  voltage  at  which  the  generators 
must  operate,  if  no  synchronous  condensers  are  used,  and  a  volt- 
age of  100,000  volts  is  to  be  maintained  for  a  load  of  0.8  power 
factor.  The  efficiency  of  transmission  and  the  generator  power 
factor  is  also  given.  It  would  not  be  very  satisfactory  to  operate 
the  generators  at  voltages  higher  than  about  15  per  cent  above 
the  receiver,  since  this  would  involve  a  total  range  in  voltage 
at  the  generator  station  of  about  23  per  cent.  A  maximum 
load  of  about  12,000  kw.  at  0.8  power  factor  could  be  carried  with 
a  15  per  cent  drop.  As  may  be  seen  from  Fig.  20,  30,000  kw. 
could  be  delivered  over  the  same  line  with  better  efficiency  and 
better  power  factor  with  a  constant  voltage  drop  from  no-load 
to  full  load  of  5  per  cent. 

Operating  a  system  at  small  voltage  drops  in  transmission 
would  offer  the  advantage  that  all  the  transformers  could  be 
standardized  for  one  voltage  and  the  troublesome  question  of 
transformer  taps  could  be  avoided.  The  wattless  corrective 
kv-a.  to  control  the  power  factor  of  a  transmission  line  and  hence 
its  voltage,  need  not  all  be  under  automatic  control,  but  just  so 
much  as  is  necessary  to  control  any  tendency  towards  voltage 
changes.     In  the  case  cited,  all  the  power  was  takeu  oiB.  \}c\fc  ^tA 
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of  the  line,  and  the  wattless  corrective  kv-a.  was  applied  at  that 
p(^t.  As  a  matter  of  fact  the  load  could  be  applied  at  several 
points  along  the  line,  and  synchronous  machines  used  at  these 
points  to  control  the  voltage.  Some  of  the  synchronous  ma- 
diines  could  be  in  the  secondary  distribution  at  very  remote  points 
from  the  main  transmission  line;  in  fact,  the  further  away  the 
better,  since  the  power  factor  correction  would  improve  the 
condition  in  the  circuit  in  question  as  well  as  in  Hie  main  trans- 
It  is  thus  possible  to  operate  an  entire  system  with 


1  1 

1    1    1 

!^ 

' 

-^ 

IS- 100,  ma 

T 

',' 

V 

""ir 

-^ 

« 

>  - 

lAWoj 

l««,l     i 

'  1  1 

1 

i     1     1     1     1 

1 

Fio.  18 — Gbhbkatok  Volts  to  Maintain  Rbceivex  Voltage  of  100,000 
voa  Zero  En.owATTs  and  Different  Amounts  of  Wattless  Kv-a. 

AT  TBS   RBCBIVBB 


p; 

1 

L     1_U 

^„ 

T1 

s, 

f? 

JA-J^-«" 

L 

5- 

\^^o 

ft. 

*J 

-Tu}^    1' 

™ri 

--r  ■ 

1  1 

Pig.  19 — Generator  Volts  to  Maintain  Receiver  Voltacb  of 
100,000  FOB  Zero  Wattless  Kv-a.  and  Different  Amounts  of  Kilo- 
watts AT  THE  Receiver:  that  is,  the  Power  Factor  at  the  Receiver 
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voltage  drops  of  little  consequence;  in  fact,  the  voltage  of  any 
system  can  be  controlled  entirely  by  means  of  synchronous  con- 
densers with  voltage  regulators  located  at  the  principal  centers 
of  distribution,  without  using  voltage  regulators  on  the  generators. 
In  Fig,  20,  the  voltage  drop  was  taken  at  5  per  cent.  By 
making  the  difference  greater,  a  smaller  amount  of  wattless 
corrective  kv-a.  would  be  required.  However,  the  voltage  dif- 
ference should  not  exceed  a  certain  amount  depending  upon  the 
constants  of  the  transmission  line,  otherwise  too  much  lagging 
current  would  be  requueA  sA.^i^\.\oaA%. 
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Gbnbrator  Voltage  Varied  with  Load  to  Supply 

Constant  Receiver  Voltage 

To  meet  the  requirements  of  high  efficiency  and  favorable 

use  of  the  available  kv-a.  of  the  generator  and  transfonner  capac- 

ities,  the  voltage  drop  can  be  increased  as  the  load  comes  on. 

This  may  be  done  in  such  a  manner  as  to  make  maximum  use 
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of  a  given  number  of  synchronous  condensers  with  voltage  reg- 
ulators. 

A  concrete  example  of  design  will  be  given  to  illustrate  the 
practical  value  of  this  application:  Assume  a  transmission 
system  consisting  of  two  lines  127  miles  (204.4  km..)  loo^,«aKii 
bavin;  three  steel  reinforced  aluminum  conductors  s^aaai.  \Q  V\.. 
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(3  m.)  in  a  vertical  plane,  and  two  synchronous  condensers  nor- 
mally rated  at  5000  kv-a.  located  at  the  receiver  end  of  the  line. 
It  will  be  assumed  that  42,000  kw.  is  the  maximum  output  of 
the  generating  station  and  this  is  to  be  applied  normally  over  two 
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Fig.  23 — Same 


Pig.  24 — Voltage  Regulation  of  a  10.000-kv-a.  Transfobhkh 

lines,  but  in  case  of  trouble,  one  line  must  carry  the  entire  output. 
Since  the  nature  of  the  use  "of  the  synchronous  condensers  in- 
volves their  opeTation  on  laycver  v^^  ^"^^^  factors,  the  25  per 
cent  overload  rating  mVi  >afc  MseA  m  -CoR.  <a!toia.-C-«(^.  Twi  ^cw^i 
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energy  consumed  by  each  synchronous  condenser  will  be  about 
200  kw.  at  its  full  kv-a.  load.  It  will  be  assumed  also  that  four 
10,000-kv-a.  banks  of  transfonners  are  located  at  both  the  gen- 
erating and  receiving  ends  of  the  line. 

It  will  simplify  the  problem,  as  well  as  lead  to  greater  accuracy, 
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if  the  transmission  line  is  considered  separately  from  the  trans- 
formers. A  slight  error  would  occur  if  the  transformers  and  line 
were  treated  as  one,  because  the  capacity  of  the  line  is  distributed. 
What  little  capacity  occurs  in  the  transformer  itself  may  be 
neglected.  Hence  the  calculations  below  are  given  for  the  line 
and  transformer  separately.    Since  the  spacing  of  coad>&<^tm% 
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is  conaderable  for  the  higher  voltages,  the  reactance  introduced 
thereby  is  great.  Increasing  the  size  of  conductors  therefore 
will  help  but  slightly  in  the  matter  of  voltage  regulation.  Pigs. 
22  and  23  afford  a  comparison  between  6/0  and  5/0  steel-rrin- 
forced  aluminum  conductors.  Pig.  24  is  a  set  of  curves  to  illus- 
trate the  regulation  at  different  power  factors  for  any  one  of 
the  transformer  banks. 

Since  the  power  factor  is  to  be  kept  near  unity  at  the  receiv- 
ing end  by  means  of  the  synchronous  condensers,  not  sufficient 
advantage  would  be  gained  by  using  the  larger  conductor  to 
justify  the  extra  expense.  A  comparison  of  the  two  sizes  of 
conductors  for  unity  power  factor  in  the  receiving  end  is  afforded 
in  Figs.  25  and  26. 
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Pig.  27 — Same  as  Fig.  26  Except  the  Receives  Power  Factor  is  0.85 
AND  No  Transfobmeb  Constants  are  Included 


To  bring  out  the  advantages  of  the  synchronous  condensers, 
a  set  of  calculations  will  be  made  with  and  without,  assuming  the 
load  to  be  0.85  power  factor.  Since  the  cost  of  high-tension 
equipment  increases  considerably  with  voltage,  the  comparison 
will  be  made  on  the  basis  of  approximately  the  same  generator 
voltage.  To  simplify  the  calculation,  the  effect  of  the  trans- 
formers will  be  neglected,  as  this  will  not  injure  the  accuracy  of 
the  comparison  to  any  marked  extent. 


Without  Synchronous  Condensers 
Refer  to  Fig.  27  and  to  Table  II.    With  both  lines  i: 


paral- 


Jel  8  load  of  38,600  kw.  at  0.85  power  factor  and  100,000  volts 
can  be  carried  at  an  effidenc^  ol  ^1  \ei  oovx.,  ■^'citA.  would  re- 
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quire  at  the  generating  end  42,000  kw.  at  0.93  power  factor 
(45,000  kv-a.)  and  a  voltage  of  117,000  volts;  the  control  of 
voltage  at  the  generating  end  of  the  line  would  have  to  be  from 
96,000  to  117,000  volts,  arange  of  21  per  cent,  if  aconstant  voltage 
of  100,000  volts  be  maintained  at  the  receiving  end  of  the  line. 
With  only  one  line,  a  load  of  35,600  kw.  at  0.85  power  factor 
and  100,000  volts  could  be  carried  at  an  efficiency  of  85  per  cent, 
which  would  require  at  the  generating  end  of  the  line  42,000  kw. 
at  0.83  power  factor  (50,600  kv-a.)  at  a  voltage  of  135,000  volts. 
The  control  of  voltage  at  the  generating  station  would  have  to 
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Pig.  28 — Illustratks  the  Relations  op  Tkansmissioh  Epfi- 
ciBNCY,  PowBR  Pactok  at  Each  End  of  a  Linb  and  Synchronous 
Condenser  kv-a.  for  Voltage  Drops  of  1.  7,  7.3  and  13.6  pbr  cbnt, 
Respbctivbly,  for  a  Load  frou  0  to  30.000  kw.  at  0. 85  Power  Pactok. 
No  Transformer  Constants  Included. 


be  from  96,000  to  135,000  volts,  a  range  of  41  per  cent,  if  a  con- 
stant voltage  of  100,000  volts  at  the  receiving  end  is  maintained. 

With  Synchronous  Condensers 
Refer  to  Fig.  28  and  Table  III.  Fig.  28  illustrates  the  effect 
of  varying  the  voltage  difference  in  order  to  increase  the  voltage 
range  of  operation  of  the  synchronous  condenser :  whenever  the 
voltage  drop  is  changed,  the  synchronous  condenser  will  auto- 
matically take  a  new  point  in  operation  on  its  phase  curve. 
It  is  assumed  in  this  case  that  voltage  regulators  ate  MseA  oTt.  >S:i.« 
machines  at  both  ends  oi  the  line. 
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With  both  lines  in  parallel,  a  load  of  39,400  kw.  at  0.85  power 
factor  and  110,000  volts  can  be  carried  at  an  efficiency  of  94  per 
cent,  which  would  require  at  the  generating  end  42,000  kw.  at 
unity  power  factor  (42,000  kv-a.)  and  a  voltage  of  about  118,000. 
The  power  factor  of  the  receiver  end  of  the  line  would  be  0.98. 
The  voltage  at  both  ends  of  the  line  would  be  held  constant  by 
the  voltage  regulators,  in  spite  of  variations  in  load.  With  one 
line,  a  load  of  37,000  kw.  at  0.85  power  factor  and  110,000  volts 
can  be  carried  at  89  per  cent  efficiency,  which  would  require  at 
the  generating  end  of  the  line  42,000  kw.  at  0.98  power  factor 
(42,500  kv-a.)  and  a  voltage  of  132,000.  The  power  factor  at  the 
receiver  end  of  the  line  would  be  0.96.  It  is  assumed  that,  in  the 
case  of  transmitting  more  than  18,000  kw.  over  one  line,  both 
synchronous  condensers  would  be  available. 

As  shown  in  the  calculations  plotted  in  Fig.  28,  for  a  range  of 
station  load  from  0  to  42,000  kw.  using  one  line,  automatic  volt- 
age regulation  could  be  maintained  with  voltage  difference  of 
1.7  per  cent  from  no-load  to  12,000  kw.,  of  7.3  per  cent  from 
12,000  kw.  to  24,000  kw.,  and  of  13.6  per  cent  from  24,000  kw. 
to  30,000  kw.  Above  13.6  per  cent  voltage  difference,  the  syn- 
chronous condenser  could  be  operated  fully  loaded  and  the  genera- 
tor voltage  raised  as  indicated  in  the  voltage  curve.  Definite 
values  of  voltage  difference  are  given.  As  may  be  seen  from  an 
inspection  of  Fig.  28,  considerable  latitude  is  available  in  the 
setting  of  this  voltage  difference.  Regulating  rheostats  can  be 
applied  in  the  circuits  of  the  potential  transformers  for  the  volt- 
age regulators,  either  on  the  generators  or  on  the  synchronous 
condensers,  or  on  both,  and  by  adjusting  them  the  voltage  set- 
tings of  the  regulators  can  be  changed  without  any  adjustments 
in  the  regtilator  itself.  In  actual  operation  only  such  settings 
should  be  given,  whenever  practicable,  as  bring  about  the  volt- 
age difference  that  causes  the  best  efficiencies  and  most  favorable 
use  of  the  available  kv-a.  capacities  of  the  generators  and  trans- 
formers. 

Comparing  the  use  of  one  line  to  deliver  all  the  power,  42,000 
kw.,  with  and  without  the  synchronous  condensers,  we  have  the 
following:  voltage  regulation  at  generator  end  of  line  18  per 
cent  against  39  per  cent,  generator  kv-a.  42,500  against  50,600, 
receiver  kv-a.  37,800  against  42,000,  and  efficiencies  89  per  cent 
against  85  per  cent.  The  voltage  regulation  without  the  syn- 
chronous condensers  is  excessive  for  successful  operation;  the  ap- 
plication of  13,500  kv-a.  in  synchronous  condetisets  teAMc«s»  \}cvt 
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kv-a.  in  the  generating  station  and  its  transformers  by  8000  kv-a. 
and  in  the  receiver  transformers  by  4200  kv-a.,  the  price  of 
which  offsets  the  investment  for  the  synchronous  condensers; 
and  furthermore,  the  application  of  the  synchronous  condenser, 
due  to  the  improved  efficiency,  increases  the  output  of  the  line 
1400  kw.;  allowing  400  kw.  for  losses  in  the  synchronous  con- 
densers, a  net  saving  of  1000  kw.  is  obtained. 

Flexible  Generator  and  Receiver  Voltages 

At  a  distribution  center,  it  is  very  desirable  to  have  a  flexible 
voltage,  which  can  be  increased  as  the  load  comes  on,  because 
with  power  feeders,  the  voltage  drop  due  to  load  may  thus  be 
compensated  for  within  proper  limits,  and  with  lighting  feeders, 
the  feeder  regulators  are  enabled  to  operate  within  limits  of 
accurate  regulation. 

A  flexible  generator  and  receiver  voltage  may  be  accomplished 
by  means  of  a  synchronous  condenser  and  series  booster,  both 
machines  arranged  on  the  same  shaft.  The  excitation  of  the 
synchronous  condenser  should  be  controlled  with  a  voltage  reg- 
ulator and  that  of  the  booster  by  hand  control.  At  the  genera- 
ting stations,  the  excitation  should  also  be  controlled  by  a  voltage 
regulator.  At  both  stations,  regulating  rheostats  should  be 
installed  in  the  circuits  of  the  potential  transformers  of  the  volt- 
age regulators.  By  means  of  these  regulating  rheostats,  the  volt- 
age setting  of  the  busbars  can  be  changed  at  the  will  of  the  oper- 
ator. 

Fig.  29  shows  a  one-line  diagram  of  a  system.  In  station  C 
are  shown  a  synchronous  condenser  and  booster  for  each  line. 
The  line  constants  are  assumed  the  same  as  those  used  for  cal- 
culating curves  in  Fig.  28.  Referring  to  Fig.  28,  it  will  be  seen 
that,  for  a  given  voltage  difference  and  an  assumed  power  factor 
for  the  load,  the  kv-a.  of  the  synchronous  condenser  will  vary 
definitely  with  the  kilowatt  load,  and  by  changing  the  voltage 
difference,  the  kv-a.  of  the  synchronous  condenser  may  be 
changed:  thus,  controlling  the  voltage  difference,  gives  a  control  of 
the  kv-a.  load  on  the  synchronous  condenser.  An  equivalent 
effect  to  this  can  be  established  by  holding  the  voltage  constant 
in  both  stations  and  compensating  for  voltage  by  means  of  a 
synchronous  booster. 

The  function  of  the  synchronous  booster,  therefore,  is  to  ef- 
fect voltage  compensation,  the  amount  of  buck  or  boost  being  con- 
trolled by  the  field  exdta\>\otv.    '^'Vifexv  >asft^  ycv  connection  with 
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a  synchronous  condenser,  controlled  by  a  voltage  regulator,  a 
means  of  controlling  the  wattless  kv-a.  is  effected.  Without 
the  booster,  for  a  given  voltage  setting  at  the  generating  and 
receiving  stations,  the  wattless  kv-a.  supplied  by  the  synchron- 
ous condenser  will  depend  upon  the  kilowatts  load  for  a  given 
assumed  power  factor.  With  the  booster,  whenever  the  syn- 
chronous condenser  comes  up  to  its  overload  limit,  the  field  exci- 
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Fig.  29 — One-Line  Diagram •  of  a  System  to  Illustrate  an  Ap- 
plication OF  A  Synchronous  Condenser  with  a  Direct-Connected 
Synchronous  Booster.  The  Switches  Marked  "Interlocked" 
ARE  Simply  to  Afford  Provision  for  Cutting  out  the  Booster. 


*  All  the  disconnecting  switches  necessary  are  not  shown.  For  example,  each  oil  switch 
most  be  so  protected  by  disconnecting  switches  that  it  can  be  made  "dead"  to  allow  repair 
work.  Also  provision  must  be  made  for  testing  either  line  without  involving  but  one 
generator  and  transformer. 


tation  of  the  booster  can  be  changed  to  reduce  its  kv-a.  load,  with- 
out affecting  the  voltage  at  either  the  generating  or  receiving 
station,  and  conversely,  when  the  voltage  setting  at  either  sta- 
tion is  changed,  tending  to  bring  the  synchronous  condenser 
kv-a.  to  an  undesirable  value,  the  booster's  excitation  can  be 
changed,  effecting  the  proper  voltage  compensation  to  bring  the 
kv-a.  to  a  suitable  value ;  thus  a  flexible  voltage  can  be  accom- 
plished at  both  ends  of  the  line,  while  fulfilling  the  important 
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requirement  that  suitable  power  factor    correction    may    be 
effected. 

In  Fig.  29,  receiving  station  C  illustrates  a  wiring  arrange- 
ment for  a  synchronous  booster  installation.  Not  only  does 
the  11, 000- volt  distribution  bus  in  station  C  have  a  flexible 
voltage,  but  so  does  that  at  the  generating  station,  and  in  ad- 
dition to  this,  the  power  factor  of  the  transmission  lines  is  under 
the  control  of  the  operator  in  station  C.  Furthermore,  this  op- 
erator is  in  a  position  to  control  the  kv-a.  of  the  synchronous 
condensers  so  that  the  power  factor  in  each  transmission  line 
is  maintained  at  such  values  as  will  secure  suitable  voltages  at 
stations  A  and  B,  assuming  that  they  are  supplied  from  different 

lines. 

Conclusion 

1.  The  necessity  of  reactance  in  the  circuits  of  modem  systems 
is  well  recognized.  Its  importance  has  arisen  with  the  growth 
of  large  systems,  and  is  essential  to  prevent  destruction  by  short 
circuits;  to  reduce  within  reasonable  limits  the  size  of  oil 
switches,  by  diminishing  the  rupturing  capacity  which  they  must 
meet;  etc.  Transmission  lines  themselves,  due  to  the  spacing 
of  conductors,  furnish  considerable  reactance,  but  in  addition 
to  this,  it  is  customary  among  operating  companies  to  specify 
that  the  generators  and  transformers  be  built  with  considerable 
inherent  reactance.  To  meet  the  requirements  of  some  systems, 
even  external  reactances  are  supplied.  Now,  on  the  other  hand, 
the  development  of  industrial  loads  requires  the  extensive  appli- 
cation of  induction  motors,  whose  exciting  currents  cause  low 
power  factor.  Should  these  exciting  currents  be  supplied  over 
circuits  involving  considerable  reactance,  excessive  voltage 
drops  occur.  Fortunately,  synchronous  machines  can  be  located 
at  the  distribution  centers  to  supply  locally  the  necessary  ex- 
citing currents,  and  by  this  means  maintain  uniform  voltage 
regulation.  It  is  not  always  economically  practicable  to  locate 
synchronous  generators  or  synchronous  motors  at  the  desired 
points.  Hence,  the  synchronous  condenser  has  been  developed. 
This  machine  has  come  to  fill  an  important  place  in  the  oper- 
ation of  transmission  systems. 

2.  The  combination  of  synchronous  condenser  and  series 
booster  offers  an  ideal  method  of  voltage  and  power  factor  con- 
trol. Not  only  can  a  flexible  voltage  be  maintained  at  both  ends 
of  a  transmission  line,  but  an  independent  means  of  power 
factor  control  is  secured  for  the  transmission  line  itself,  by  which 
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a  definite  voltage  control  is  established  for  some  intermediate 
point  in  the  transmission  line.  This  certainly  offers  a  very  con- 
siderable advantage,  in  that  it  is  frequently  necessary  to  have 
a  long  transmission  line  with  one  or  two  intermediate  stations. 
3.  A  desirable  feature  of  synchronous  condensers  on  a  high- 
voltage  transmission  system  is  that  they  offer  protection  against 
those  voltage  surges  that  arise  due  to  a  sudden  loss  of  load, 
which  might  throw  the  generating  stations  on  the  unloaded  trans- 
mission line  with  their  generators  on  heavy  field  excitation. 
Under  .such  a  circumstance,  due  to  the  effect  on  the  generators 
and  transmission  lines  of  the  leading  current  set  up  by  the  charg- 
ing current,  a  destructive  voltage  would  occur.  Over-voltage 
devices  may  be  applied  to  the  generators  to  give  protection; 
however,  with  synchronous  condensers  on  the  receiving  ends  of 
the  transmission  lines,  and  each  one  equipped  with  an  over- 
voltage  device,  an  ideal  solution  of  the  problem  is  effected,  since 
some  of  the  synchronous  condensers  could  be  on  the  line  at  all 
times  with  their  excitation  under  control  through  the  desired 
range. 
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Discussion  on  "Operation  op  Transmission  Lines"  (Hagood), 
San  Francisco,  Cal.,  February  28,  1913. 

Herbert  W.  Crozier:  We  are  certainly  much  indebted  to 
Mr.  Hagood  for  the  interesting  paper  we  have  had  tonight, 
partictdarly  the  slides,  which  show  great  care  in  pre- 
paration. 

I  wish  to  ask  him  a  question.  With  regard  to  the  use  of 
synchronous  condensers,  what  do  you  find  is  the  most 
satisfactory  method?  Suppose  you  have  a  large  amoimt  of 
power  to  deliver  to  consumers  which  would  involve  the  use  of 
sjmchronous  motors  driving  direct-current  generators, — would 
you  prefer  to  make  those  synchronous  motors  just  large  enough 
to  carry  the  load  and  have  an  additional  machine  synchronous 
to  the  condenser,  or  would  you  prefer  to  make  the  synchronous 
condensers  large  enough  to  take  care  of  this  regulation?  That 
is  the  first  question,  and  then  the  other  is,  what  would  you  do 
if  you  had  synchronous  converters?  That  would  be  a  diSfferent 
phase  of  the  same  subject. 

Lee  Hagood:  With  the  synchronous  machine,  whether  it 
is  a  generator  or  a  motor,  it  can  effect  power  factor  correction 
and  at  the  same  time  do  work.  I  did  not  dwell  very  much  on 
that  point,  because  so  many  think  that  is  the  only  way,  econom- 
ically, to  use  synchronous  machinery  for  power  factor  correction. 
The  ideal  way  of  course  is  to  let  the  synchronous  machines  do 
70  per  cent  in  kilowatts  and  about  70  per  cent  in  wattless  kilovolt- 
amperes,  that  is,  rate  these  machines  on  a  70  per  cent  power 
factor  basis.  This  applies  to  synchronous  generators,  frequency- 
changer  sets,  and  synchronous  motors.  It  is  not  always  practical 
to  locate  these  machines  at  the  points  where  power  factor  cor- 
rection is  desired,  hence  the  necessity  for  synchronous  condensers. 

The  characteristics  of  a  synchronous  converter  are  such  that 
its  design  does  not  lend  itself  to  operation  other  than  at  1.00 
power  factor  at  full  load.  It  would  not  be  safe,  in  general,  to 
give  operators  instructions  relative  to  using  synchronous 
converters  for  power  factor  correction  on  light  kilowatt  loads,  as 
a  departure  might  lead  to  damage  to  the  machine. 

Herbert  W.  Crozier:  Then  I  gather  from  your  statement 
that  the  synchronous  converter  is  fixed  by  the  direct-current 
voltage,  so  any  small  amount  of  voltage  control  available  would 
be  fixed  by  the  direct-current  voltage,  which  presumably  you 
would  desire  to  keep  constant. 

Lee  Hagood:    That  is  one  of  the  difficulties. 

Herbert  W.  Crozier:  But  in  regard  to  motor-generators 
driven  by  synchronous  motors,  if  we  take,  for  instance,  a  imit 
which  would  have  a  1000-kw.  direct-current  machine,  then  the 
idea  would  be  to  purchase  the  motors  considerably  larger? 

Lee  Hagood:    Yes. 

Herbert  W.  Crozier:  So  as  to  take  70  per  cent.  You  make 
the  motor  part  30  per  cent  greater? 
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Lee  Hagood:  Yes.  It  is  not  a  good  thing,  in  all  cases,  to 
put  a  voltage  regulator  on  the  motor,  unless  it  is  relatively  large 
for  its  purpose.  Even  then  the  voltage  regulator  must  be  re- 
stricted in  its  operation  so  that  no  danger  is  incurred  of  the 
machine  falling  out  of  step  by  attempting  to  take  a  heavy 
kilowatt  load  on  a  weak  field. 

Robert  Sibley:  I  notice  that  it  has  been  annotmced  that  the 
Chicago,  Milwaukee  and  St.  Paul  Railway  will  electrify  some  600 
miles  (805  km.)  of  its  line  through  Montana,  and  the  proposal  is  to 
purchase  power  from  the  Great  Falls  Power  Company  at  half 
a  cent  per  kilowatt,  the  company  agreeing  to  wholesale  the 
power  from  the  main  transmission  line.  However,  the  power 
company  also  reserves  the  right  to  put  in  regulating  devices  at 
the  receiving  end.  I  would  like  to  ask  Mr.  Hagood  how  such 
devices  wovdd  differ  in  railroad  work  from  such  installations 
as  he  has  shown  us  this  evening. 

Lee  Hagood:  As  long  as  they  are  motor-generator  sets 
it  would  be  quite  feasible  to  accomplish  automatic  voltage 
regulation  provided  the  conditions  were  such  that  the  machines 
would  not  have  to  nm  on  weak  fields,  but  if  they  are  converters, 
I  do  not  see  how  it  would  be  practical. 

Sometimes  motor-generator  sets  are  operated  with  fixed 
field  excitation,  or  it  is  compoimded  so  that  as  the  load  comes  on 
the  excitation  is  increased. 

Herbert  W.  Crozier:  One  example  of  this  phase  control, 
that  has  worked  out  very  successfully  on  the  coast,  is  the  Sierra 
and  San  Francisco  Power  Company,  delivering  power  to  the 
United  Railroads.  On  their  transmission  line,  135  miles  (217 
km.)  long,  the  same  voltage  is  obtained  at  both  ends  of  the  line. 
The  motor-generators  are  all  1500  kilowatts,  I  believe,  and 
the  regulation  is  obtained  by  controlling  their  fields.  I  believe 
they  have  now  installed  voltage  regulators  at  a  number  of  the 
stations  and  are  getting  very  satisfactory  voltage.  This  con- 
dition of  course  is  one  that  does  not  always  occur  in  regular 
commercial  practise,  because  the  power  company  has  full  con- 
trol of  a  very  large  amount  of  synchronous  apparatus  at  the 
receiving  end.  The  ordinary  condition  is  where  there  are 
many  consiuners  taking  current  and  using  it  any  way  they 
please,  and  it  is  up  to  the  power  company  to  make  such  regula- 
tion as  it  is  able  to.  In  such  cases  the  synchronous  condensers 
discussed  tonight  are  apparently  a  very  excellent  feature.  One 
thing  that  impressed  me  greatly  was  the  fact  that  by  the  intro- 
duction of  a  synchronous  condenser,  results  are  obtained  amount- 
ing to  25  to  30  per  cent  additional  power  delivered  over  the  trans- 
mission lines,  which  certainly  would  appeal  to  our  commercial 
friends  as  a  considerable  saving  in  capital  expenditures  neces- 
sary for  transmission  lines  or  for  additional  machinery.  Here- 
tofore we  have  been  forced  to  buy  generators  to  take  care  of 
the  wattless  current — and  then  more  generators;  and  the  use 
of  the  synchronous  condenser  in  the  substation  is  certainly  a 
very  valuable  feature. 
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One  thing  that  impressed  me  more  than  any  other  was  the 
curve  shown,  if  I  remember  the  figures  correctly,  where  25 
per  cent  more  power  could  be  delivered  over  the  same  trans- 
mission line  with  practically  the  same  regulation. 

A  Member:  Under  what  conditions,  if  any,  is  the  tase  of 
synchronous  condensers  warranted  by  the  decreased  power 
loss  due  to  the  necessity  for  transmitting  less  wattless  current 
through  the  line,  apart  from  the  question  of  voltage  regulation? 
Another  question.  Is  it  possible  to  build  synchronous  conden- 
sers simply  for  regulating  purposes  so  that  for  a  given  kv-a. 
capacity  they  are  cheaper  than  a  synchronous  motor  of  the  same 
capacity   would  be? 

Lee  Hagood:  In  regard  to  the  first  question,  in  the  case  of 
the  22 ,000- volt  line  (see  Figs.  3  and  7  of  the  papfer),  at  unity 
power  factor  the  line  losses  are  7.5  per  cent  for  2500  kw. 
That  includes  the  transformer  loss — I  mean  the  copper  loss  in 
the  transformers.  Since  the  losses  vary  as  the  square  of  the 
power  factor  we  would  get  15  per  cent  at  0.70  power  factor. 
Now  the  synchronous  condenser,  to  bring  the  power  factor  to 
1.00,  requires  about  4  per  cent  on  losses.  That  would  give  us 
a  net  imder  full-load  conditions  around  3.5  per  cent.  But 
not  only  that.  We  brought  the  power  factor  at  the  generators 
from  70  up  to  tmity,  and  that  meant  that  we  reduced  their 
core  losses,  armature  and  field  copper  losses.  An  approximate 
estimate  of  the  saving  is  about  2^  per  cent,  giving  a  total  net 
of  6  per  cent.  In  the  case  of  the  110,000- volt  lines  (see  Figs. 
22  and  23),  the  losses  without  the  synchronous  condenser — tiie 
eflRciency  of  the  line  for  delivering  30,000  kw.,  is  85  per  cent, 
whereas  with  the  condenser  on  the  line  the  efficiency  is  90  per 
cent.  In  this  case  the  synchronous  condensers  have  a  loss  of 
1.3  per  cent,  giving  a  net  saving  of  3.7  per  cent  for  the  trans- 
mission line. 

In  regard  to  the  design  of  the  synchronous  condensers,  they 
can  be  designed  with  small  air  gaps,  and  with  light  bearings 
and  bearing  supports,  since  no  mechanical  load  is  carried;  in 
view  of  these  features  they  can  be  made  cheaper  than  for  the 
same  rating  as  a  generator  or  motor.  Some  day,  perhaps, 
they  may  be  built  for  much  higher  speeds  and  this  will  reduce 
their  cost  considerably. 

Clarence  L.  Cory:  I  have  been  exceedingly  interested  in 
this  paper,  especially  because  not  more  than  a  year  or  so  ago, 
one  of  the  points,  only  touched  upon  in  the  paper,  was  gone 
into  rather  completely;  and  more  than  twelve  years  ago  another 
point,  which  has  been  touched  upon  in  the  paper,  was  gone 
into  carefully. 

I  will  mention  first  the  point  that  was  considered  only  a  short 
time  ago. 

We  have  heard  this  evening  a  very  complete  discussion  of 
what  the  synchronous  condenser  or  the  synchronous  motor, 
either  very  lightly  \oaded  ot  ^lOvw^  ^^V-w^^  7Q  ^er  cent  of  its 
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full-load  work,  may  accomplish  in  the  improvement  of  trans- 
mission conditions.  A  little  over  a  year  ago  an  investigation 
— a  rather  complete  one — was  made  of  the  design  of  a 
127-mi.  (204-km.)  steel  tower  transmission  line  having  two 
three-phase  circuits,  maximum  loss  not  to  exceed  about  6  per 
cent,  as  the  power  was  purchased  by  the  power  user  at  the 
generating  station  and  the  tower  line  built  by  the  power  user, 
payment  for  the  power  to  be  made  at  the  generating  station. 
The  amount  of  power  required  was  to  vary  between  6000  and 
10,000  kw.,  to  be  used  primarily  for  induction  motors,  these 
induction  motors  to  drive  machinery  for  the  crushing  of  about 
20,000  tons  of  ore  a  day.  Due  to  the  consideration  that  other 
transmission  lines  were  possibly  to  be  interconnected,  the  volt- 
age transmission  was  limited  to  about  80,000  volts.  How- 
ever, there  were  no  taps  for  power  along  the  line,  nor  was  there 
more  than  the  one  generating  station  to  be  considered  at  that 
time. 

The  preliminary  investigation  indicated  that  4/0  copper — 
the  equivalent  of  that  in  stranded  copper  or  aluminum,  or 
altmiinum  of  any  sort — 3/0  or  2/0,  might  be  used.  As  has 
been  shown  this  evening  so  very  clearly,  the  problem  in  this 
case  was  not  necessarily  the  very  best  possible  regulation  at 
the  expense  of  other  things;  not  necessarily  the  greatest  effi- 
ciency in  transmission  at  the  expense  of  regulation;  not  neces- 
sarily the  cheapest  possible  transmission  system  as  regards 
cost  of  conductors  at  the  expense  either  of  efficiency  or  regulation 
or  both.  The  power  factor  of  the  load  was  known  to  be  some- 
where around  80  per  cent,  due  to  the  very  large  number  of  small 
induction  motors.  The  frequency  was  fixed  at  60  cycles,  inas- 
much as  the  generating  station  to  be  used,  would  be,  in  the 
future,  one  of  a  number. 

Not  by  any  means  in  the  complete  manner  that  has  been 
developed  in  this  paper,  but  by  practically  the  same  general 
principles,  the  general  conclusion  was  reached  that  the  installa- 
tion of  synchronous  condensers  at  the  receiving  end  would  not 
only  reduce  the  copper  from  4/0  to  3/0,  but  it  would  improve 
the  voltage  regulation  and  at  the  same  time  increase  the  effi- 
ciency of  transmission.  A  very  careful  analysis,  using  the 
complex  quantity  formula  for  the  investigation  of  the  power 
factor  along  the  line  from  the  generating  station  to  the  receiving 
station  127  miles  distant,  indicated  that  with  the  proper  opera- 
tion of  these  synchronous  condensers  doing  anywhere  from  50 
to  70  per  cent  of  their  kilovolt-ampere  capacity,  it  would  be 
possible  to  get  the  best  operating  conditions. 

Electrical  energy  in  the  form  of  direct  current  may,  of  course, 
be  transmitted  without  introducing  any  of  the  undesirable 
effects  due  to  the  inductance  or  electrostatic  capacity  of  the  line. 
We  start  out  with  a  given  number  of  amperes  at  otir  generating 
station,  using  direct  ciurent,  or  theoretically  with  ^temating 
current,  with  zero  frequency,  and  we  find  absolutely  the  same 
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current  at  the  receiving  end,  neglecting  leakage;  and  the  ideal 
of  the  transmission  engineer  with  alternating-current  power 
would  be  to  produce  a  condition  somewhat  approximating 
that  possible  with  direct  current.  We  know  that  is  not  practi- 
cally possible,  at  varying  loads,  because  in  the  matter  of  trans- 
mission the  direct  current  theoretically  has  an  advantage  over 
the  alternating  current.  However,  I  can  now  see,  having  had 
this  evening  an  opportunity  to  look  at  these  curves,  that  there 
were  instances  where  such  problems  might  have  been  very  di- 
rectly solved  by  the  proper  use  of  these  curves  rather  than  by 
going  through  the  rather  complex  computations  that  are  other- 
wise necessary. 

The  other  instance  that  I  had  in  mind,  occurring  more  than 
a  decade  ago.  was  a  case  where  the  installation  of  a  compara- 
tively small  synchronous  motor  in  a  mine  in  California  was  made 
use  of  to  improve  the  power  factor  of  the  load.  One  of  the 
early  transmission  companies,  fearing  induction  motors  would 
lower  the  power  factor,  offered  all  consumers  who  would  use 
their  alternating  current  at  approximately  unity  power  factor, 
the  advantage  of  receiving  920  watts  for  a  horse  power,  whether 
real  or  apparent.  A  well-known  engineer  in  San  Francisco 
said,  ''Very  good.  If  we  can  get  920  apparent  watts  for  what 
we  ordinarily  pay  for  746,  we  will  see  to  it  that  we  get  920  real 
watts," — which  was  accomplished  by  the  installation  of  a  syn- 
chronous motor.  This  synchronous  motor,  at  such  times 
as  the  power  was  off — and  in  those  days  the  transmission 
lines  gave  more  trouble  than  they  do  today — ^was  belted  to 
a  steam  engine,  and  when  the  power  was  off  the  synchronous 
motor  was  operated  as  a  generator  and  the  mine  was  kept  free 
from  water.  It  was  necessary  to  prevent  the  mine  being  flooded 
even  if  the  transmitted  power  should  be  off  only  for  a  few 
hours.  The  result  was  that  for  a  number  of  years  the  synchron- 
ous motor  was  ordinarily  operated  without  doing  any  work 
whatever,  and  the  power  factor  of  the  load  was  maintained  at 
100  per  cent.  The  result  was  that  the  buyer  of  the  power  did 
receive  920  real  watts,  for  which  he  only  paid  the  price  of  746 
watts.  I  do  not  remember  how  many  times  that  condenser 
or  unloaded  synchronous  motor  paid  for  itself  every  year,  but 
I  remember  that  it  was  used  for  a  number  of  years. 

I  am  only  mentioning  this  because  in  this  case  the  particular 
advantages  of  the  operation  of  synchronous  motors  though 
lightly  loaded  or  practically  unloaded,  were  availed  of  to  im- 
prove the  conditions  of  transmission — ^improving  the  condi- 
tions in  regard  to  both  efficiency  and  regulation  of  voltage; 
and  while  I  have  not  perhaps  had  an  opportunity  of  fidly  study- 
ing the  paper  that  has  been  presented  this  evening,  I  can  see 
that  in  the  first  case  mentioned  the  solution  of  that  problem 
might  have  been  made  graphically  from  the  curves  presented 
by  Mr.  Hagood  instead  of  being  worked  out  in  that  one  isolated 
Ccise. 
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I  would  like  to  add  this  other  point.  Due  to  the  careful 
investigations  of  Dr.  Steinmetz's  formulas  for  distributed  ca- 
pacity, also  introducing  the  factor  which  it  is  possible  to  intro- 
duce in  Dr.  Steinmetz's  formulas,  namely,  the  amount  of  energy 
loss  due  to  leakage  between  conductors,  and  going  one  step 
ftirther  than  Dr.  Steinmetz  has  gone,  representing  the  results 
of  some  of  his  formulas  graphically,  it  is  possible  to  determine 
the  power  factor  at  any  place  you  wish  in  your  transmission 
line  from  yotir  generating  station  to  the  point  of  delivery.  If 
your  line  is  300  miles  long  it  is  only  necessary  to  go  through 
an  elementary  graphical  construction  as  you  would  in  deter- 
mining stresses  and  strains  in  a  structure,  to  ascertain  what 
the  power  factor  is  at  any  point,  simply  substituting  in  the 
formula,  whether  the  point  under  discussion  is  one  mile  from 
the  generating  station  or  299  miles.  So  there  we  see  the  op- 
portunities and  the  possibilities  of  further  ascertaining  the  facts, 
and  the  desirability  of  introducing  these  synchronous  condensers. 

There  is  another  point  brought  out  that  appeals  to  me  es- 
pecially. Not  very  many  years  ago  it  was  generally  understood 
that  if  we  attempted  to  transmit  power  great  distances  where 
the  charging  current  would  be  abnormal  there  was  only  one 
thing  to  do,  namely,  to  reduce  the  frequency,  if  the  voltage 
were  maintained  of  sufficient  magnitude  to  reduce  the  line 
losses.  But  one  can  see  by  viewing  the  curves  that  have  been 
shown  by  Mr.  Hagood  that  this  is  not  necessarily  true.  Possibly 
we  will  be  able  to  solve  a  great  many  of  our  problems  at  60 
cycles  that  we  thought  a  few  years  ago  could  only  be  solved 
at  one  half  that  frequency  or  even  one-third  or  one-sixth. 

Not  only  are  these  few  isolated  instances  that  I  have  men- 
tioned covered  by  the  work  that  has  been  done  by  Mr.  Hagood, 
but  his  work  covers  all  other  problems  of  a  similar  character. 

L.  P.  Jorgensen:  In  substations  where  no  motor  power  is 
required,  the  synchronous  condenser  is  undoubtedly  the  most 
practical  device  that  can  be  used  successfully  for  voltage  con- 
trol; but  in  stations  where  the  principal  use  for  the  power  is  to 
drive  motors  these  motors  should  be  so  selected  that  part  of 
them  are  synchronous  and  part  induction.  It  is  seldom  possible, 
nor  desirable,  to  have  all  motors  on  a  transmission  system  of 
the  synchronous  type,  as  the  starting  requirements  may  be  such 
as  to  exclude  synchronous  motors,  and  it  may  not  be  practical 
to  provide  direct  current  for  excitation.  Where  large  motors 
are  to  be  dealt  with,  the  extra  outlay  and  complication  for  exci- 
tation does  not  amount  to  so  much,  and  it  is  therefore  of  ad- 
vantage to  equip  them  with  devices  for  voltage  control  to  com- 
pensate for  the  lagging  current  of  the  smaller  induction  motors 
and  other  apparatus.  The  voltage  in  use  at  present  on  some 
of  the  largest  transmission  lines  has  reached  the  limit.  This 
limit  is  set  by  the  amount  of  corona  loss  permissible,  so  it  is 
not  possible  to  improve  per  cent  of  voltage  drop  by  increasing 
the  voltage,  as  this  cannot  be  done.     The  critical  volta^g^  d^- 
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pends  upon  size  of  conductors  and  elevation  above  sea  level, 
and  the  limit  of  voltage  has  already  been  reached  in  several 
cases.  The  limit  at  sea  level  is  somewhat  above  120,000  volts 
where  the  amoimt  of  power  is  large  enough  to  require  conductors 
larger  than  4/0.  A  few  months  ago  I  had  occasion  to  visit  a 
place  and  do  some  work  in  connection  with  a  power  transmission 
where  50,000  volts  was  the  upper  limit  of  transmission  voltage, 
principally  because  of  the  high  altitude,  the  average  of  which 
was  14,000  ft.  (4270  m.).  The  lowest  point  on  the  line  is  the 
power  house,  located  at  12,200  ft.  (3720  m.)  above  sea  level, 
and  the  highest  substation  is  located  at  nearly  16,000  ft.  (4880  m.) 
elevation.  The  line  runs  for  the  greater  part  of  the  distance 
of  120  mi.  (193  km.)  over  a  comparatively  flat  plateau  of  14,000 
ft.  (4270  m.)  elevation.  This  place  is  called  the  roof  of  the  world, 
and  is  up  in  the  Andes  mountains  in  Peru.  The  load  on  this  system 
is  mostly  motors  driving  copper  mining  machinery  to  the  ex- 
tent of  about  10,000  h.p.,  requiring  a  conductor  of  No.  1  size 
cable.  The  motors  are  divided  up  between  synchronous  and 
induction  in  such  a  way  that  the  power  factor  will  be  tmder 
complete  control  by  means  of  automatic  voltage  regulators 
adjusting  the  excitation  of  the  synchronous  motors. 

Herbert  W.  Crozier:  I  want  to  ask  a  question  of  Mr.  Jor- 
gensen.  Did  I  understand  you  to  say  that  50,000  volts  was 
the  limit? 

L.  P.  Jorgensen:  Yes,  because  only  10,000  h.p.  was  to  be 
transmitted.  You  could  not  afford  to  take  larger  than  No.  0 
cable,  and  at  that  diameter  you  cannot  get  above  50,000  volts. 

J.  P.  Joll3rman:  One  of  the  chief  functions  of  the  synchronous 
condenser  in  the  ordinary  transmission  system  is,  as  Mr.  Hagood 
has  pointed  out,  to  help  hold  up  the  voltage.  As  the  load  on  our 
system  grows,  frequently  we  run  into  conditions  where  excessive 
voltage  drop  limits  the  amount  of  the  load  which  may  be  success- 
fully carried  at  some  point. 

There  is  also  another  factor  in  the  holding  up  of  voltage  which 
Mr.  Hagood  only  touched  on  very  briefly,  but  which  to  those  of 
us  who  are  connected  with  60-cycle  systems  is  a  very  important 
matter,  and  that  is  the  charging  current  of  the  line,  and  its  effect 
in  balancing  or  neutralizing  the  lagging  current  due  to  the  or- 
dinary commercial  load.  The  effect  of  this  charging  current 
is  very  considerable.  We  have  at  the  present  time  in  this  xncinity 
a  number  of  high-tension  transmission  voltages — 60,000  and 
100,000.  At  60,000  volts  the  charging  current  amounts  to  about 
18  kv-a.  per  mile.  In  other  words,  a  company  such  as  the  one 
with  which  I  am  associated,  operating  some  1200  mi.  (1930 
km.)  of  60,000-volt  line,  has  a  charging  current  of  over  21,000 
kv-a.,  and  this  is  sufficient  to  raise  29,000  kw.  of  0.80  power  factor 
load  to  unity.  That  of  itself  has  a  very  important  effect  in 
holding  up  the  voltage  of  such  a  system.  Now  a  100,000-volt 
system  has  a  very  much  higher  charging  current.  As  the  voltage 
and  the  current  go  up  ^^^^  k\lovolt-amperes  go  up.     The  charg- 
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ing  current  for  a  100,000-volt  line  is  about  52  kv-a.  per  mile. 
In  other  words,  a  300-mi.  (483-km.)  line  would  have  some  15,000 
or  over  15,000  kv-a.  wattless  leading  current  component,  which 
would  assist  in  balancing  the  bad  power  factor  of  the  ordinary 
commercial  load.  This  wattless  component  on  300  miles  of 
100,000-volt  line  would  balance  21,000  kw.  at  0.80  power  factor 
load,  bringing  it  up  to  unity.  I  believe  that  the  charging  cturent 
which,  as  you  see,  is  no  small  amount  on  systems  which  are 
operating,  has  a  very  important  effect  in  helping  to  hold  up  the 
excitation.  The  excitation  on  a  transmission  system  is  somewhat 
analogous  to  the  mechanical  condition  of  the  cantilever  beam. 
If  the  excitation  is  supplied  entirely  at  the  generating  station 
it  is  somewhat  analogous  to  a  cantilever  beam  supported  at 
one  end  and  loaded  at  the  other.  Such  a  beam  must  necessarily 
sag  at  the  loaded  end.  The  voltage  cannot  be  anything  but 
lower  at  the  receiving  end  where  you  have  purely  load  and  are 
supplying  no  excitation  in  the  way  of  synchronous  machinery. 
The  variations  in  voltage  with  the  variations  in  load  are  some- 
what analogous  to  the  variations  in  the  sag  of  such  a  beam 
with  a  varying  load.  To  steady  that  beam  you  may  supply 
some  support  at  the  free  end.  In  other  words,  you  may  apply 
some  synchronous  machinery  at  the  receiving  end.  It  is  obvious 
that  you  may  steady  the  variations  in  the  deflections  of  that  beam 
with  very  much  less  support  than  would  be  required  if  you  wanted 
to  raise  the  beam  up  to  the  same  level  that  it  was  held  at  the  fixed 
end;  and  that  is,  as  near  as  I  can  suggest,  a  mechanical  analogy 
to  the  transmission  problem  in  the  operation  of  synchronous  con- 
densers. It  is  obvious  that  a  beam  supported  at  both  ends  will 
have  less  sag  if  it  is  loaded  imiformly  than  if  it  is  supported  at 
one  end  as  is  the  case  in  the  transmission  system.  If  you  have 
synchronous  apparatus  at  both  ends  the  voltage  drop  will  be  less 
throughout  the  system.  I  think  it  would  be  well  for  any  one 
having  to  do  with  the  design  of  transmission  systems  to  consider 
always  the  effect  of  their  charging  current,  and  to  bear  in  mind 
that  it  is  a  very  considerable  amount,  very  closely  approxi- 
mating 18  kv-a.  per  mile  for  60,000  volts  at  60  cycles;  and  52 
kv-a.  per  mile  for  100,000  volts  and  60  cycles.  There  have  been 
some  transmission  systems  projected  recently  where  the  charging 
current  is  going  to  prove  a  very  serious  problem  to  handle  prop- 
erly. My  own  opinion  in  the  matter  is  that  you  should  not 
ordinarily  attempt  to  operate  a  single  transmission  circuit  with 
generators  which  are  less  in  capacity  than  the  charging  current. 
In  the  system  on  which  we  are  working  at  the  present  time  the 
kv-a.  capacity  of  a  generator  is  approximately  double  the  charging 
current  on  the  line,  and  I  anticipate  that  we  will  not  be  very 
much  bothered  by  variations  in  load  or  bringing  the  empty  line 
up  to  voltage. 

Herbert  W.  Crozier:  Mr.  Jollyman  apparently  has  given 
this  matter  of  the  charging  current  a  very  considerable  amouivt  ol 
thought.    The  point  I  want  to  draw  attention  to  m  c»nTvec\xcA\ 
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with  the  use  of  synchronous  condensers  for  the  regulation  of  the 
line  is  the  matter  of  safety.  We  all  know  that  the  loss  of  load 
due  to  excitation  and  opening  of  circuit  breakers  and  other  things 
causes  a  very  considerable  rise  of  voltage  at  the  substations;  and 
the  use  of  the  synchronous  condenser  controlled  by  the  automatic 
voltage  regulator  is  certainly  an  element  of  safety,  because  there 
is  something  there  which  will  make  a  change  in  the  conditions 
in  the  end,  assuming  of  course  that  the  synchronous  condenser  is 
so  installed  as  to  remain  connected  to  the  transmission  line.  I 
remember  two  or  three  cases  where  very  disastrous  results  oc- 
curred, due  to  the  opening  of  the  end  of  a  transmission  line,  causing 
the  wrecking  of  lightning  arresters  and  general  destruction  of 
such  apparatus  as  still  remained  connected. 

L.  N.  Peart:  We  have  a  60,000-volt  line  approximately 
200  mi.  (322  km.)  long,  and  I  can  confirm  some  of  Mr.  JoUyman's 
remarks  very  strongly,  because  I  have  just  made  some  experi- 
ments on  the  power  factors  of  this  line,  and  also  some  corrections 
obtained  by  using  some  ttu'bines  at  one  end  of  the  line  as  syn- 
chronous condensers.  We  have  about  200  miles  of  60,000-volt 
line,  fed  at  one  end  by  a  hydroelectric  station,  and  at  the  other 
end  by  a  steam  auxiliary.  The  hydroelectric  end  is  16,000 
kw.  capacity;  the  steam  end  is  about  8000  kw.;  and  close  to  the 
steam  end  at  the  outer  end  of  the  line  we  have  the  oil  fields,  which 
furnish  a  very  highly  inductive  load.  The  power  factor  at 
the  oil  fields  loads  is  approximately  70  per  cent,  and  when  we 
first  started  the  transmission  line  the  power  factor  of  the  trans- 
mission line  at  the  power  house  was  62  per  cent  leading.  That 
was  before  we  had  much  oil  field  business.  As  the  oil  field 
business  came  on — and  I  might  say  that  the  power  factor  of  the 
oil  field  load  is  not  much  better  than  between  60  and  70  per 
cent — it  never  gets  over  70 — the  power  factor  at  the  transmission 
end  at  the  power  house  gradually  approached  unity,  and  at 
present,  it  is  very  close  to  that.  Now  operating  the  ttu'bines 
in  Bakersfield  at  8000  kw.,  allowing  them  to  float  on  the  line 
with  a  little  steam  and  adjusting  the  exciting  current,  we  are  able 
to  keep  the  voltage  regulation  of  the  system  very  nearly  constant, 
that  is,  we  can  hold  the  voltage  in  Bakersfield  and  at  the  power 
house  end  practically  the  same,  with  a  rise  of  voltage  in  the  middle 
of  the  line  of  about  8  or  10  per  cent.  Recently,  due  to  the  failure 
of  some  of  the  hydroelectric  machinery  at  the  generating  end, 
the  water  end,  it  was  necessary  to  carry  the  entire  load  from  the 
Bakersfield  end.  You  will  appreciate  that  without  any  feeder 
voltage  regulators  on  the  system,  the  step-down  transformer 
stations  are  connected  through  the  proper  taps  to  the  line  so  that 
we  get  the  proper  voltage  grading;  in  other  words,  near  the  power 
house  the  transformers  are  on  a  higher  tap  and  gradually  de- 
crease down  the  Hne  to  take  care  of  transmission  drop.  Feeding 
from  the  steam  end,  matters  were  reversed,  and  it  was  a  question 
whether  we  were  ^oin^  to  get  any  voltage  regulation;  but  opera- 
ting the  hydroe\ectne  ^et^t^X^o^^  ^&  's.^tvO^xotw^ws*  condensers, 
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and  feeding  from  the  Bakersfield  end  with  the  steam  generating 
machinery,  we  were  able  to  keep  suitable  voltages  at  all  points. 
That,  I  thmk,  furnishes  a  very  good  illustration  of  Mr.  Hagood's 
point. 

J.  P.  Francis:  There  is  one  other  point  in  the  operation  of 
a  synchronous  motor  as  a  condenser  that  it  is  well  to  consider, 
and  that  is,  that  by  limiting  the  range  of  the  exciter  voltage, 
so  that  when  the  voltage  of  the  transmission  line  is  too  high 
the  regulator  is  lowering  the  voltage  of  the  motor,  the  excita- 
tion of  the  synchronous  motor  will  not  be  reduced  too  greatly, 
causing  the  machine  to  fall  out  of  step  if  the  load  increases 
suddenly.  Also,  the  upper  limit  of  the  exciter  voltage  should 
not  be  high  enough  to  bum  the  regulator  contacts  when  the 
synchronous  machine  is  boosting. 

R.  C.Powell:  Mr.  Jollyman  mentioned  that  the  charging 
current  in  the  line  should  be  taken  into  consideration.  The 
point  is,  as  I  understand  it,  that  the  charging  current  will  help 
out  the  generators  but  not  the  line. 

Clarence  L.  Cory :    It  ought  to  help  out  both. 

R.  C.  Powell:     That  is,  with  a  simple  line. 

H.  Y.  Hall :  I  think  Mr.  Jollyman's  point  was  more  in  respect 
to  regulation.  There  is  no  question  but  that  the  charging 
current  of  the  line  will  help  out  the  regulation. 

R.  C.  Powell:  I  don't  believe  I  can  agree  with  you,  for  the 
reason  that  the  regulation  will  be  the  difference  between  the 
voltage  and  no-load  voltage.  At  no-load  the  voltage  at  the 
receiAong  end  will  be  higher  than  at  the  transmitting  end,  due 
to  the  charging  ciurent.  Now  if  the  load  comes  on,  the  charg- 
ing current  is  constant,  and  the  voltage  rise  due  to  the  charg- 
ing current  is  constant,  so  where  you  would  start  with  100,000 
volts  with  no-load  and  get  120,000  at  the  receiving  end,  at 
ftdl  load  you  would  have  20,000  drop,  and  you  would  have 
100,000  at  each  end;  but  your  regulation  is  the  same. 

J.  P.  JoUjrman:  I  would  say  that  the  principal  effect  on  the 
distributing  system  is  naturally  the  improvement  of  the  power 
factor  of  the  load  that  the  generators  carry.  The  charging 
current  is  roughly  one-half  as  effective  in  helping  out  the  line 
as  would  be  a  synchronous  condenser  at  the  receiving  end. 
The  charging  current  is  distributed,  but  it  is  not  far,  in  general, 
from  the  effect  of  either  the  equivalent  leading  current  load 
at  the  center  of  the  line,  or  one-half  of  the  load  at  the  extreme 
end  of  the  line.  You  will  frequently  find  that  a  transmission 
system  which  starts  out  purely  as  a  transmission  affair,  and 
transmits  a  very  large  percentage  of  its  power  over  practically 
its  entire  length,  grows  into  a  system  in  which  more  or  less 
load  is  taken  off  along  the  line;  and  in  that  case  the  charging 
current  to  a  certain  extent  neutralizes  the  lagging  current  of 
the  load,  the  load  being  somewhat  distributed,  and  the  charg- 
ing cturent  being  entirely  distributed.  The  principal  effect 
of  the  charging  current,  as  I  stated,  is  an  imptovettvfcTvX.  *\tv  \>cv^ 
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generator  power  factor,  which  is  a  very  important  matter; 
and  it  is  perhaps  in  its  effect  on  the  efficiency  of  transmission 
roughly  half  as  effective  as  a  concentrated  synchronous  con- 
denser of  the  same  capacity  at  the  load  point. 

A  Member:  I  would  like  to  ask  Mr.  JoUyman  if  the  value 
he  gave  of  18  kv-a.  for  a  60,000-volt  line  and  52  kv-a.  for  100,000 
volts,  has  a  certain  regard  for  the  spacing,  and  cannot  that  be 
varied   by   altering   the   spacing? 

J.  P.  JoUjrman:  I  think  if  you  will  consider  the  practical 
cases  of  transmission  at  60,000  volts  you  will  find  that  the  spac- 
ing is  usually,  in  modem  construction,  about  five  or  six  ft. 
(1.5  to  1.8  m.),  and  for  100,000  volts  the  spacing  is  nine  or  ten  ft. 
(2.7  to  3  m.),  and  is  frequently  in  a  vertical  plane,  which  means 
that  the  average  spacing  of  the  phases  is  about  one  and  one- 
third  times  the  distance  between  the  two  wires.  I  have  fotmd 
by  plotting  the  values  of  the  charging  current  in  relation  to  the 
ratio  of  the  diameter  of  the  wire  to  the  spacing,  that  the  change 
in  the  value  of  the  charging  current  over  the  range  of  actual 
construction  such  as  is  generally  employed  by  operating  com- 
panies, is  very  small.  If  I  remember  correctly,  the  charging 
current  per  mile  (1.6093  km.)  for  10,000  volts  over  the  range 
of  construction  ordinarily  employed  varies  from  about  0.028 
of  an  ampere  to  about  0.031.  The  values  that  I  gave  were 
based  on  0.03  of  an  ampere  for  10,000  volts  per  mile.  The 
charging  cturent  does  not  change  very  rapidly  over  the  range 
of  spacings,  with  the  size  of  wire  ordinarily  employed.  If  you 
have  a  rather  small  spacing  and  very  large  conductors  it  would 
be  a  little  different  from  what  it  would  be  if  you  had  large 
spacings  and  very  small  conductors;  but  the  change  is  really 
so  small,  and  there  are  so  many  other  things  that  enter  into 
the  exact  determination  of  this  value,  that  these  figures  are 
sufficientlv  accurate  for  ordinarv  calculation.  You  would  not 
select  the  size  of  a  generator  down  to  anything  smaller  than 
500  kilowatts,  and  these  values  will  give  you  the  charging  cur- 
rent within  a  few  hundred  kilovolt-amperes  of  the  actual  value. 
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AIR  AS  AN   INSULATOR  WHEN   IN  THE    PRESENCE 
OF  INSULATING  BODIES  OF  HIGHER  SPECIFIC 

INDUCTIVE  CAPACITY 


BY  C.  L.  FORTESCUE  AND  S.  W.  FARNSWORTH 


I.      Introduction 

The  breakdown  strength  of  air  between  conductors  or  termi- 
nals of  different  sizes  and  shapes  when  expressed  in  volts  per  cm. 
of  separation,  is  a  very  variable  value  and  of  little  significance. 
The  great  variation  is  not  due  to  any  difference  in  the  strength 
of  air,  for  that  is  a  physical  constant,  which,  according  to  the 
results  of  many  able  investigators,  has  a  value  of  between  30 
and  38  kilovolts  (maximum  value)  per  cm.  The  variation  is 
due  rather  to  the  influence  of  such  factors  as  the  shape  and 
size  of  the  terminals  or  conductors,  and  also  to  the  position  and 
potentials  of  these  bodies  relative  to  neighboring  bodies.  The 
case  of  comparative  breakdown  distances  between  spheres  and 
needle  points  for  a  given  voltage,  furnishes  an  excellent  illustra- 
tion of  this  point.  For  example,  with  25  cm.  between  sphcj'es 
25  cm.  in  diameter,  the  air  breaks  down  at  260,000  volts,  whereas, 
it  requires  67.3  cm.  to  withstand  the  same  voltage  between 
needle  points.  In  the  first  case  the  volts  per  cm.  are  10,400, 
whereas,  in  the  second  case  the  volts  per  cm.  are  3870  (9800 
volts  per  inch).  Looking  at  air  as  a  means  of  insulating  a  po- 
tent«:^  of  260,000  volts,  it  is  evident  that  it  serves  much  more 
efficiently  in  the  case  of  the  spheres  than  in  the  case  of  the  needle 
points.  When  serving  at  its  maximum  efficiency,  it  will  stand 
from  30  to  38  kilovolts  (maximum)  per  cm.,  and  for  the  purposes 
of  this  paper,  the  lower  value  will  be  assumed. 

In  most  practical  applications  of  air  as  an  insulator,  the  prob- 
lem is  complicated  by  the  presence  of  othet  dieV^Xfwc:  TcsftiKYdw 
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having  a  higher  specific  inductive  capacity  than  that  of  air. 
There  is,  in  general,  a  false  conception  of  the  parts  played  by  the 
two  media,  namely,  the  solid  dielectric  and  air,  in  performing 
their  functions  in  the  insulator.  With  increased  voltage,  the 
part  the  air  plays  becomes  more  and  more  important  and  at 
present-day  voltages  should  no  longer  be  disregarded.  While 
the  breakdown  voltage  of  air  alone,  as  expressed  in  volts  per  cm., 
is  a  very  variable  quantity,  the  breakdown  voltage  of  air  over  the 
surface  of  a  solid  dielectric  when  expressed  in  the  same  terms 
(a  value  commonly  called  *'  creepage  *'  voltage)  is  still  more 
variable  and  of  even  less  significance. 

As  there  are  ways,  as  illustrated  above,  of  using  air  alone 
more  eflSciently  than  is  ordinarily  done,  so  are  there  ways  of 
using  the  combination  of  air  and  a  solid  dielectric  more  effi- 
ciently. It  is  the  purpose  of  this  paper  to  show  the  conditions 
that  determine  the  disruptive  strength  of  an  air  path  along  the 


Fig.  1  Fig.  2 

surface  of  a  solid  dielectric  of  higher  specific  inductive  capacity, 
and  what  steps  must  be  taken  to  insure  the  most  efficient  use 
of  the  two  dielectrics  in  combination. 

II :   The  Electric   F'ield  in  the  Presence  of  Solid 

Dielectrics 

The  effect  of  introducing  an  insulating  body  into  the  static 
field  between  two  conductors  is  to  increase  the  stress  in  the  air 
path  at  the  surface  of  the  conductor  and  at  the  surface  of  the 
insulating  body,  unless  certain  laws  governing  the  proper  shaping 
of  the  body,  which  will  be  stated  later,  are  observed.  This 
statement  may  be  easily  verified  experimentally,  by  placing  a 
glass  sphere  in  the  electrostatic  field  between  two  parallel  plates 
maintained  at  different  potentials.  If  the  static  field  is  intense 
enough,  the  introduction  of  the  sphere  will  cause  corona  to  form 
at  the  surface  of  the  sphere  and  at  the  contiguous  parts  of  the 
two  plates;  the  air  betweetv  \.\v^  \\"a.\,^^  ^VV  consequently  break 
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down  at  a  much  lower  voltage  than  if  the  glass  sphere  were 
absent. 

Fig.  1  shows  the  condition  of  the  static  field  before  the  in- 
troduction of  the  glass  ball.  Fig.  2  gives  an  idea  of  the  condition 
of  the  field  after  the  glass  ball  has  been  introduced.  It  will  be 
seen  that  the  lines  of  force  concentrate  in  the  glass  ball  and  are 
more  dense  at  its  surface  and  at  the  portion  of  the  surface  of  the 
two  plates  nearest  the  ball  than  an)nvhere  else. 

A  close  analogy  to  the  action  which  takes  place  when  the  glass 
sphere  is  introduced  into  the  electric  field  is  obtained  by  placing 
a  steel  ball  in  the  magnetic  field  between  two  large  poles  of 
opposite  polarity.  In  this  case  the  field  may  be  mapped  out  with 
iron  filings. 

Fig.  3  shows  a  method  of  plotting  the  equipotential  surfaces 
of  the  current  flow  between  two  conductors  which  are  similar 
to  the  equipotential  surfaces  in  the  electric  field  between  termi- 
nals of  similar  shape.  To  obtain  the  equipotential  surfaces  or 
current  flow,  current  is  passed  between  the  two  terminal  plates 
suspended  in  a  conducting  liquid.  Between  the  plates  is  sus- 
pended a  metal  ball.  An  insulated  exploring  lead  is  taken  from 
any  given  point  on  the  calibrated  resistance  placed  across  the 
supply  voltage  and  carried  into  the  liquid,  where  it  terminates 
in  an  uninsulated  point.  The  needle  is  moved  about,  always 
keeping  the  galvanometer  zero,  thus  indicating  the  location  of 
points  of  the  same  potential  as  the  chosen  point  on  the  resistance. 
The  movement  of  the  exploring  needle  is  recorded  by  means  of 
a  pantograph. 

Fig.  4  shows  one  of  many  charts  taken  according  to  the 
method  shown  in  Fig.  3.  The  bath  used  in  this  case  was  salt 
water,  and  the  two  terminal  electrodes  a  cylindrical  rod  and  a 
torus  ring  in  the  relative  positions  indicated.  The  wavy  lines 
show  the  observed  equipotential  surfaces.  The  small  circles 
indicate  points  of  definite  observed  potential.  The  smooth 
lines  show  theoretical  equipotential  surfaces  of  indicated  po- 
tential for  the  given  terminals.  Having  obtained  the  equipo- 
tential surfaces,  the  lines  of  flow  may  be  drawn  in  at  right  angles 
to  them.  If  in  Fig.  3  the  sphere  should  be  steel  and  the  bath 
mercury,  since  the  conductivity  of  iron  is  about  ten  times  that  of 
mercury,  the  field  obtained  would  resemble  very  closely  the  field 
for  the  glass  sphere  in  air,  the  specific  inductive  capacity  of  glass 
being  about  eight. 

The  conditions  that  exist  at  the  suriace  ol  tiaa  ^\<5X<wicctf:.  ^A 


896  PORTBSCUB  AND  FARNSWORTH:  (Haich  14 

high  specific  inductive  capacity  in  a  field  of  force  in  air  are 
brought  about  as  follows:  A  given  difference  of  potential  will 
cause  a  very  much  greater  electric  flux  in  the  solid  dielectric 


than  in  air.  At  the  surface  of  separation  of  the  air  and  the  solid, 
the  tangential  component  of  the  intensity  must  be  the  same  in 
the  air  as  in  the  soUd.  Since  it  requires  K' times  the  force  to 
produce  the  same  4w\eclT\c  ?«,il  va  "Obr  w«  fta\fi.'0Qs.^dC\4.,-where  K 
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is  the  value  of  the  specific  inductive  capacity  of  the  solid  dielectric, 
the  component  of  intensity  in  the  air  normal  to  the  surface  will 
be  K  times  that  in  the  solid  dielectric.  The  intenaty  at  each 
point  of  the  surface  of  separation  is  increased  from  what  it  was 


before  the  introduction  of  the  dielectric  and  is  more  nearly  normal 
to  the  surface.  If  the  solid  body  extends  from  one  conductor  to 
the  other,  we  may  have  a  condition  in  which  the  tangential 
component    of    the    intensity    will    be    nearVy    \ttifllQTtn.    \iMV 
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the  maximum  intensity  being  in  a  direction  more  nearly 
normal  to  the  surface  than  before  the  introduction  of  the 
solid,  its  value  is  greater  at  every  point.  The  air  path  aloi^  the 
surface  is,  therefore,  weaker  than  before  the  introduction  of  the 
dielectric.  If,  however,  we  form  the  dielectric  so  that  its  surface 
is  tangential  to  the  lines  of  force  at  every  point,  then  there  will 
be  no  normal  component  of  intensity;  the  tangential  intenuty 
at  each  point  of  the  surface  will  be  the  same  as  b^ore  the  intro- 


duction of  the  solid,  and  the  strength  of  the  air  path  will  remain 
unchanged. 

To  illustrate  this  by  simple  examples,  let  us  consider  the  sphere 
lo  extend  from  one  plate  to  the  other,  then  the  field  will  have  the 
form  shown  in  Fig.  5.  Comparing  this  with  Fig.  1 ,  it  is  seen  that 
the  stress  along  the  surface  of  the  sphere  adjacent  to  the  plates 
has  been  very  much  increased.  Suppose  that  we  substitute  for 
the  glass  sphere  a  glass  cylinder,  or  any  solid  shape  with  a  surface 


Fig.  9 


Fig.  10 


Pig.  11 


generated  by  a  line  perpendicular  to  the  planes  as  in  Pig.  6, 
then  there  will  be  no  increase  of  stress  either  at  the  surface  of 
the  sohd  or  at  the  surface  of  the  plates.  In  the  first  case,  the 
introduction  of  the  solid  has  decreased  the  breakdown  strength 
by  a  large  amount,  but  in  the  second  case  the  strength  is  imim- 
paired  by  the  introduction  of  the  solid.  Fig.  7  shows  two  planes, 
M  and  N,  having  a  piece  of  insulating  material  extending  con- 
tinuously between  them  vji^iv  a.  v^Swii^)^  to.  the  middle  such  as 


19131  AIR  AS  AN  INSULATOR  899 

is  commonly  employed  to  give  increased  "  creepage  "  distance. 
In  the  light  of  the  previous  explanation,  it  is  seen  that  the  air 
in  the  path  HL  will  be  stressed  to  a  higher  value  than  if  the  pro- 
jection R  were  not  present.  That  is  to  say,  the  very  thing  which 
is  ordinarily  sought  for,  namely,  an  increased  distance  over  the 
surface,  is  shown  to  be  detrimental  in  this  case  rather  than  bene- 
ficial. The  higher  the  specific  inductive  capacity  of  the  material, 
the  more  detrimental  is  the  projection. 

Should  a  groove  be  placed  in  the  insulating  material  as  in 
Fig.  8,  another  very  poor  condition  is  obtained,  as  the  air  at 
R  will  be  stressed  beyond  its  limit  at  a  comparatively  small 
difference  of  potential  between  M  and  N, 

The  cross-hatched  portion  of  the  lower  half  of  Fig.  9  shows 
how  the  insulation  would  have  to  be  shaped  to  insulate  two 
parallel  wires  with  a  maximum  efficiency.  The  surface  could 
be  made  to  conform  to  any  one  of  several  flow  lines,  a,  6,  c,  etc- 

III.     Practical  Application  of  Theory  with  Results  of 

Tests 

Fig.  10  shows  a  means  of  insulating  a  terminal  rod  passing 
through  a  casing.  Experimental  pieces  of  this  design  were  made 
up  to  dimensions  shown  in  Fig.  11.  The  material  used  was  a 
mixture  of  shellac,  whiting  and  various  gimis.  The  bushing 
was  cast  in  an  accurately  machined  mould.  A  maximum  break- 
down of  145  kv.,  effective  value,  was  obtained,  and  when  good 
care  was  taken  to  have  a  clean  surface,  the  breakdowns  were 
seldom  less  than  135  kv. 

Fig.  12  shows  a  breakdown  at  137  kv.  on  one  of  these  bushings 
and  it  will  be  noticed  that  there  are  no  evidences  of  corona  at 
any  point  of  the  surface. 

Fig.  13  shows  the  calculated  intensity  curve  for  the  surface 
path.  Assuming  a  maximvun  allowable  intensity  of  19.7  kv. 
per  cm.  (50  kv.  per  in.),  effective  value,  at  the  points  of  highest 
intensity  which  are  at  the  surfaces  of  the  ring  and  rod,  by  in- 
tegrating the  area  under  the  curve,  we  obtain  the  voltage  neces- 
sary to  break  down  the  path,  which  on  the  above  assumptions 
is  142  kv.  It  will  be  noted  from  the  curve  that  the  minimum 
intensity  is  9.1  kv.  per  cm.  (23.2  kv.  per  in.)  or  slightly  less 
than  half  the  maximum  value.  The  distance  over  the  surface 
is  11.9  cm.  (4.7  in. )  so  the  average  volts  per  cm.  for  a  breakdown 
voltage  of  145,000  is  12.2  (31  kv.  p^r  in.). 

The  dimensions  of  ring  and  rod  chosen  were  sucVi  ^  \x>  ^n^ 
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a  maximum  breakdown  voltage  over  the  surface  for  a  mean  di- 
ametcrof  a  toras  ring  of  21.6cm. {8.5in.).  The  surface  of  the  solid 
was  made  to  conform  to  the  flow  lines,  leaving  the  torus  ring  on 
line  a,  Fig,  11.  Any  other  set  of  flow  lines  might  have  been 
chosen.  Had  a  set  been  chosen  leaving  outside  of  lines  a,  there 
would  have  been  difficulty  in  casting  the  bushing  due  to  the  back 
draft  on  the  mold.  If  a  set  of  lines  had  been  chosen  leaving 
inside  of  lines  a,  there  would  have  been  a  pocket  to  catch  dirt. 
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The  law  of  similar  fields  applies  to  these  cases,  so  if  all  the 
dimensions  of  Fig.  11  be  doubled,  the  breakdown  voltage  should 
be  doubled. 

As  a  matter  of  interest,  the  approximate  intensities  existing 
through  the  insulating  material  along  the  line  of  minimum  sep- 
aration between  ring  and  rod  were  calculated,  and  are  given  in 
Fig.  14,  consideringavoltagcof  142,000  applied.  The  intensity  is 
seen  to  be  less  at  the  ring  than  at  therod,  and  for  the  given  voltage, 
the  intensity  at  the  rod  is  4G  kv.  per  cm.  {117   kv.   per   in.) 


1913] 


AIR  AS  AN  INSULATOR 


DOl 


effective  value.  Ordinary  insulating  material  should  be  capable 
of  standing  this  voltage  without  being  unduly  stressed.  This  is 
the  more  evident  when  we  consider  that  air  itself  is  capable  of 
standing  21  to  27  kv.  per  cm.  (54  to  68  kv.  per  in.) 

The  above  analysis  of  the  intensities  in  the  solid  dielectric 
suggests  that  to  find  the  real  strength  of  insulating  materials, 
some  form  of  terminals  should  be  used  which  will  permit  cal- 
culation of  the  stress  at  the  point  of  maximum  intensity  when 
breakdown  occurs. 

In  order  that  the  great  gain  which  can  be  made  by  properly 
designing  the  surface  of  the  solid  dielectric  may  be  more  evident, 
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attention  is  called  to  the  breakdown  over  the  surface  of  a  former 
standard  transformer  bushing  and  an  ordinary  line  insulator. 
Fig.  15  shows  the  transformer  bushing  which  was  formerly  a 
standard  for  66,000-volt  work  and  which  would  flash  over  its 
81J  cm.  (32  in.)  of  surface  at  a  voltage  of  about  145,000.  In 
the  bushing  shown  in  Fig.  13,  a  distance  of  11.9  cm.  (4.7  in.) 
breaks  down  only  when  this  same  voltage  is  reached.  Fig.  16 
shows  an  ordinary  line  insulator  having  a  surface  distance  of 
63.5  cm.  (25  in.)  which  breaks  down  at  119,000  volts. 

By  changing  the  shape  of  the  terminals  it  is  possible  to  design 
a  bushing  which  will  have  a  higher  average  intensity  over  the  sur- 
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face  before  breakdown  of  the  air  will  occur.  Fig.  17  shows  an 
arrangement  similar  to  that  of  Pig.  11,  which  accomplishes  this. 
Allowing  the  same  mean  diameter  of  torus  ring,  21.5  cm.(8i  in.), 
as  used  in  Fig.  11,  and  the  same  maximum  intensity  in  the  air, 
we  see  from  Fig.  18  that  the  calculated  breakdown  voltage  will 
be  181  kv.  The  minimum  intensity  is  13.2  kv.  per  cm.  (33.5 
kv,  per  in.)  as  against  9.15  kv.  per  cm.  (23.2  kv.  per  in.)  for 
the  bushing  shown  in  Fig.  11.  Fig.  19  shows  the  calculated 
maximum  intensities  in  the  solid,  which  are  179  kv.  per  cm. 
effective  value,  (455  kv.  per  in.)  at  the  surface  of  the  rod. 
Judging  from  our  tests,  it  seems  reasonable  to  expect  that  what 
are  ordinarily  considered  as  good  insulating  materials,  will  be 
capable  of  standing  this  intensity.  This  piece  has  not  been 
made  up,  however. 


Fig.  16 


Fig.  20  shows  a  different  design,  using  a  confocal  system  of 
ellipsoids  and  hyperboloids  of  revolution,  having  foci  which  are 
5.08  cm.  (2.0  in.)  apart.  A  piece  was  turned  out  of  hard  rubber 
to  the  given  dimensions  and  the  average  breakdowns  over  the 
surface  have  been  above  160,000  volts;  thus  giving  an  average 
of  9.4  kv.  per  cm.  (23,900  volts  per  in.)  for  a  surface  distance  of 
17.0  cm.  (6.7  in.).  These  values  are  striking  when  compared 
with  the  breakdown  voltage  of  145,000  volts  for  81j  cm.  of  sur- 
face of  the  bushing  shown  in  Fig.  15.  In  that  case  the  average 
kilovolts  per  cm.  are  1.78  (4.54  kv.  per  in.). 

This  piece  was  placed  where  it  would  collect  dust  and  dirt 
such  as  it  would  be  likely  to  in  indoor  service  and  was  tested 
after  three  months.  It  showed  no  deterioration  in  breakdown 
strength,  even  with  this  heavy  coating  of  dust. 
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Fig.  21  shows  a  rather  crude,  but  none  the  less  instructive  and 
convincing  experiment.  The  arrangement  of  parts  and  their 
dimensions  are  shown  in  Fig.  22.  The  illustration  shows  how 
the  longer  path,  having  insulation  stepped  off  in  the  conventional 
way,  broke  down  without  distressing  the  shorter  end  in  the 
least. 

Fig.  23  shows  a  possible  adaptation  of  this  principle  to  an 
insulator  which  is  shown  as  of  the  suspension  type,  but  which 
might  be  slightly  modified  and  made  pin  type. 

The  applications  of  the  principle  of  shaping  terminals  and 
dielectric  spoken  of  thus  far,  have  embodied  new  designs  of  each. 
In  the  condenser  type  bushing  we  may  have  an  ideal  even  dis- 
tribution of  potential  on  the  surface.    The  full  benefit  of  this 


distribution  cannot  be  obtained,  however,  unless  the  external 
field  is  properly  cared  for.  As  an  excellent  illustration  of  this 
statement,  the  following  test  on  a  large  terminal  is  given.  This 
particular  terminal  had  a  maximum  diameter  of  about  30.5 
cm.  (12  in.)  and  was  about  203  cm.  (80  in.)  high.  As  originally 
designed,  a  metal  disk  was  provided  on  the  top  end,  which  was 
40.6  cm.  {18  in.)  in  diameter  with  a  3.8  cm.  (1.5-in.)  pipe  welded 
on  its  outer  edge.  Under  test,  corona  was  visible  from  the  edges 
o£  the  disk  at  300,000  volts;  at  400,000  volts  there  was  a  great 
deal  of  corona,  and  the  small  metal  rings  at  the  ends  of  the  tin- 
foil coatings  at  the  top  steps  were  beginning  to  glow;  at  430,000 
volts  is  was  deemed  inadvisable  to  either  hold  the  voltage  or  to 
raise  it  any  higher  for  fear  of  a  complete  breakdown.  A  new 
disk  was  designed  for  the  top  of  the  terminal  and  the  dimensions 
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selected  were  152.5  cm.  (60  in.)  diameter  and  30.5  cm,  (12  in.) 
thickness,  with  edges  having  a  radius  of  15.25  cm.  (6  in.).  The 
disk  was  made  of  wood  and  covered  with  tinfoil.  The  results 
obtained  with  this  new  disk  were  rather  startling.  At  no  voltage 
up  to  575,000,  the  maximum  voltage  tried,  was  there  any 
appreciable  corona.  There  were  occasional  bunches  of  bluish 
fan-shaped  haze  emanating  from  some  piece  of  dirt  or  rough 
spot  on  the  disk  toward  the  iron  framework  of  the  building 
which  happened  to  be  near  the  terminal.     The  body  of  the  ter- 


minal itself  showed  not  the  slightest  sign  of  a  glow  on  any  of  the 
steps.  Thus,  by  means  of  a  very  inexpensive  change  of  design, 
the  terminal  was  able  to  stand  575,000  volts  as  satisfactorily 
as  it  had  stood  300,000  voltspreviously.  This  was  accomplished 
simply  by  relieving  stresses  in  the  air  at  the  top  end  of  the  ter- 
minal, and  also  redirecting  the  field  adjacent  to  tlip  surface  of  . 
the  terminal,  so  that  the  equipotential  surfaces  in  the  air  were 
evenly  distributed,  corresponding  to  the  even  distribution  secured 
by  the  condensers.  Fig.  24  gives  some  idea  of  the  distribution 
of  the  .fieldjunder  the  two  conditions. 
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IV.    Summary  and  Conclusions 

We  have  given,  in  this  paper,  a  new  conception  of  the  functions 
which  air  and  a  solid  dielectric  perform  when  used  in  combina- 
tion for  insulating  purposes.  Based  on  this  conception,  a  large 
number  of  tests  have  been  made  under  commercial  conditions, 
which  show  that  it  is  possible  to  use  air  more  efficiently  than  has 
been  customary  in  the  past.  Breakdowns  of  an  air  path 
over  a  surface  have  been  obtained  which  average  as  high  as 
9.4  kv.  per  cm.,  effective  value,  (23,900  volts  per  in.)  over  a  dis- 
tance of  17.0  cm.  (6.7  in.).  The  conditions  of  design  are  such 
that  these  same  averages  may  be  maintained  at  any  voltage, 
by  increasing  all  dimensions  of  the  structure  proportionately. 

A  maximum  efficiency  of  air  path  over  a  surface  is  obtained 
when  the  surface  of  the  dielectric  is  made  to  conform  to  the 
flow  lines  between  the  terminals.  The  strength  of  such  a  path 
is  independent  of  the  specific  inductive  capacity  of  the  dielectric. 
The  principal  thing  to  be  considered,  therefore,  is  the  proper 
shaping  of  the  terminals  in  order  that  points  of  high  intensity 
may  be  eliminated  and  a  high  average  intensity  obtained  for 
the  given  path. 

It  seems  to  the  authors  that  there  exist  great  possibilities  of 
improvement  in  present  designs  of  terminal  bushings  and  high- 
tension  insulators,  when  considered  from  the  standpoint  outlined 
in  this  paper.  It  was  with  a  view  to  stimulating  research  along 
these  lines  that  this  paper  was  written. 
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THE   APPLICATION   OF   A   THEOREM   OF  ELECTRO- 
STATICS TO  INSULATION  PROBLEMS 


BY  C.    FORTESCUE 


I.     Introduction 

In  the  early  days  of  the  electrical  industry,  the  problem  of 
insulation  was  solved  by  taping  the  conductors  to  be  insulated 
with  some  kind  of  textile  material  saturated  with  an  insulating 
compound.  Present  day  methods  of  insulation,  while  showing 
marked  improvement  over  those  in  the  past,  still  retain  the  in- 
fluence of  early  tradition,  and  are  largely  based  on  nile  of  thumb. 
This  condition  of  affairs  may  be  ascribed  to  the  very  rapid 
development  of  high-tension  transmission  systems,  and  the  con- 
sequent immediate  demand  for  apparatus  insulated  for  high 
voltages.  The  development  has  been  so  rapid  that  engineers 
have  had  no  time  for  a  proper  study  of  the  problem. 

One  aspect  of  the  problem  that  has  received  but  little  considera- 
tion is  the  proper  grouping  of  conductors,  so  that  they  shall 
assist  in  insulating  one  another.  To  illustrate  this  idea  by  an 
example  that  will  be  familiar  to  everyone,  consider  two  spheres 
25  cm.  in  diameter  and  25  cm.  apart,  at  potentials  -f-  200,000  and 
—  200,000  and  a  small  thin  disk  of  conducting  material  connected 
to  ground  and  placed  near  the  spheres.  The  disk  may  be  placed 
in  a  number  of  positions  in  which  it  is  insulated  from  both  of  the 
spheres,  but  there  is  only  one  set  of  positions  in  which  it  will 
cause  no  disturbance  of  the  electric  field,  namely,  those  lying  in 
the  zero  potential  surface  or  plane  of  symmetry  midway  between 
the  two  spheres.  If  one  of  the  spheres  be  removed,  the  balance 
will  be  disturbed  and  the  remaining  sphere  will  discharge  to  the 
disk.  Thus  the  presence  of  the  sphere  of  potential  +  200,000 
has  served  to  instdate  the  sphere  of  potential  —  200, (KM  ttOTCk\3ci& 
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grounded  disk.  Very  thin  wires  may  be  brought  into  the  field 
of  the  two  spheres  and  maintained  at  a  difference  of  potential 
many  times  larger  than  their  normal  disruptive  voltage. 

In  such  cases  as  these  the  ordinary  rules  of  procedure  followed 
in  insulation  methods  are  seemingly  violated.  Thus  sharp  edges 
and  fine  wires  are  more  effectively  insulated  than  thick  rounded 
edges  and  large  wires.  In  practical  work,  conductors  usually  have 
edges  where  the  intensity  becomes  high,  and  therefore,  if  by 
some  method,  these  sharp  edges  can  be  insulated  as  effectively 
as  large  rounded  edges,  a  valuable  advantage  will  have  been 
gained. 

The  object  of  this  paper  is  to  emphasize  a  principle  of  elec- 
trostatic theory  by  which  the  individual  units  of  a  system  of 
conductors  may  be  arranged  to  protect  one  another.  The  state- 
ment of  the  principle  and  several  illustrations  are  given  in 
Section  II  following. 

II.    Statement   of   Principle  of    Electrostatic    Theory 

WITH  Illustrations 

If  a  region  in  any  particular  electric  field  be  isolated  or  cut 
out  by  any  number  of  closed  surfaces,  then  the  electric  field  in 
this  region  will  remain  unchanged,  whatever  change  may  take 
place  in  the  external  electric  field,  if  the  potentials  at  all  points 
on  the  enclosing  surfaces  are  maintained  at  their  original  values. 

It  follows  froiri  the  above  that  the  intensity  due  to  the  surface 
distribution  will,  at  each  point  of  the  region,  be  the  same  as  that 
of  the  assumed  electric  field.  The  potential  in  such  a  region  will 
be  unaffected  by  any  change  in  position  or  electrification  of 
external  bodies,  since  it  is  uniquely  determined  by  the  surface 
potential  distribution  which  remains  unchanged. 

It  is  also  obvious  from  this  principle  that  two  or  more  regions, 
completely  separated  from  one  another  by  any  number  of  sur- 
faces, may  each  have  a  different  electric  field,  if  at  every  point 
of  the  dividing  surface  or  surfaces  between  any  two  of  the  regions, 
the  fields  in  these  regions  have  the  same  potential. 

The  truth  of  the  principle  just  stated  is  almost  self-evident, 
for  it  is  known  that  when  the  potentials  of  a  system  of  conductors 
are  given,  there  is  only  one  possible  solution  of  the  electric  field 
consistent  with  the  proper  conditions.  If,  therefore,  a  solution 
be  known  that  will  give  the  same  potential  at  each  point  of  the 
bounding  surfaces  of  a  given  region,  as  the  assigned  potentials, 
then  this  must  be  tVie  oiA^  po^vfcAa  ^Ivition.    It  is  not  so  easy 
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to  see  that  the  field  within  the  region  is  independent  of  any 
external  influences.  This  may  be  deduced  from  the  fact  that,  in 
order  to  produce  a  potential  within  the  region,  an  external  system 
must  also  produce  a  potential  at  each  point  of  the  surfaces,  and, 
since  the  potentials  at  the  surfaces  are  maintained  constant, 
the  effect  of  external  bodies  within  the  region  must  be  zero. 
Changes  in  the  external  electric  field  have  the  effect,  however,  of 
altering  the  charges  at  each  point  of  the  surface.  In  other  words, 
the  effect  of  any  change  in  the  external  system  is  to  produce  a 
change  in  the  capacity  of  the  system  of  charged  bodies  at  the 
surfaces  of  the  region,  in  such  a  way  that  there  is  a  change  in 
the  surface  charges,  the  potentials  remaining  constant,  of  such 
a  nature  as  to  completely  annul  the  effect  within  the  region  of 
the  change  in  the  external  system. 

The  analytic  theorem  upon  which  this  principle  is  based  may  be 
found  in  Maxwell's  **  Electricity  and  Magnetism,"  1904  edition 
page  136,  Article  99.  (b).  A  more  general  proof  af  the  same 
theorem  is  given  in  Kelvin  and  Tait  *'  Treatise  on  Natural 
Philosophy,**  1903  edition.  Vol.  1,  Chapter  1,  Appendix  A  (c). 
A  full  discussion  of  Green's  problem,  which  has  some  bearing 
Dn  the  above  principle,  may  be  found  in  Volume  2  of  the  same 
vvork.  Articles  499  to  508  inclusive.  Reference  may  also  be  made 
to  Jean's  "  Electricity  and  Magnetism,"  Articles  186,  187  and 
188,  and  to  Webster's  *'  The  Theory  of  Electricity  and  Magnet- 
ism," the  last  paragraph  of  Article  86. 

A  few  simple  illustrations  of  electric  fields  produced  in  accord- 
ance with  this  principle  may  serve  to  give  a  more  vivid  concep- 
tion of  its  use. 

Consider  two  parallel  plane  conductors,  forming  two  portions 
of  the  surface  of  a  solid  dielectric.  To  produce  within  the  body 
a  uniform  field  corresponding  to  that  between  two  infinite 
parallel  plates  having  the  same  potentials  as  the  two  conductors, 
all  that  is  necessary  is  to  produce  at  each  point  of  the  surface  of 
the  dielectric  a  potential  equal  to  that  of  the  uniform  field  at 
that  point.  The  whole  surface  of  the  dielectric  might  be  con- 
sidered as  mapped  out  in  equi-potcntial  contour  lines  infinitely 
close  together  and  each  line  may  be  imagined  to  become  a  con- 
ductor which  will  be  supposed  to  be  connected  to  an  external 
source  of  the  proper  potential. 

A  dielectric  sphere  in  a  uniform  field  furnishes  an  interesting 
application  of  this  principle.  If  the  potential  of  the  field  be 
F  =  i?  X.  and  if  the  center  of  the  sphere  be  at  the  ot\^va  ^xA  \\s. 
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radius  be  a,  any  distortion  of  the  field  due  to  the  difference  in 
specific  inductive  capacity  of  the  sphere  from  air  may  be  pre- 
vented by  maintaining,  at  the  surface  of  the  sphere,  a  potential 

distribution, 

V,  ^  Ra  cos  d 

Under  this  condition,  the  potential  both  inside  and  outside  the 
sphere  will  be, 

V  ^  Rx 

Without  the  surface  distribution,  the  potential  inside  the 
sphere  would  be, 

3 

^•"    K  +  2    ^* 
and  that  outside  the  sphere  would  be. 

The  maximum  value  of  the  intensity  at  the  surface  of  the 
sphere  in  the  air  would  be, 

^•"    K  +  2   ^ 

Thus  if  i^  =  4,  i?o  =  2  i?.  The  intensity  therefore  has  been 
doubled  at  the  maximum  point  by  the  introduction  of  the  sphere. 

It  is  interesting  to  find  the  surface  distribution  of  electricity 
produced  on  the  sphere  by  the  potential  distribution,  V,  over 
the  surface.  Let  Vi  be  the  internal  potential  due  to  this  sur- 
face distribution  of  electricity.     Then 


Vt-=  Rx  -  Vi 
K  -  I 


Rx 


is 


K  +  2 
The  surface  density  required  to  produce  this  internal  potential 

^        3(K  -1)    p        ^ 
■^=   4  ^  (X-f2)  ^  ^^^  ^ 

The  external  potential  due  to  this  surface  density  will  be 

K-  1 


, .  (^)' 


K  +  2 


R  a  cos  d 
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r  cos  9  =  X 

and  this  when  added  to  Vo,  the  external  potential  obtained  with- 
out the  potential  distribution,  gives  the  potential  outside  the 
sphere  when  the  surface  potential  distribution  is  determined 
according  to  the  principle.     That  is, 

V,+  V,=  V  =  Rx 

A  section  of  the  equipotential  surfaces  of  the  electric  field  in 

the  neighborhood  of  a  dielectric  sphere  (X  =  4)  in  a  uniform 
field,  with  and  without  the 
proper  potential  distribution,  is 
shown  in  Pigs.  1  and  2. 

Cylindrical  conducting  bodies 
and  insulating  structures  are  of 
common  occurrence  in  practi- 
cal problems.  Suppose  it  be  re- 
quired to  insulate  a  short  ex- 
ternal cylinder  from  a  long 
internal  concentnc  cylinder.  A 
line  may  be  drawn  from  the 

Pic.  1— Section  by  Plank  Passing    ends  of  the  external  cylinder  to 

THROUGH    AXIS    OP    X    OP    Equ,-      ^^^   ^^^^^   p^^^  ^^  ^^   ^^^ 

of  the  inner  cylinder,  see  Fig.  3. 
The  surfaces  of  revolution 
formed  by  these  two  lines  and 
the  two  cylinders  may  be  taxen 
as  botmding    surfaces   of   the 

enclosed  region,  which  will  be  assumed  to  have  within  it  a 

potential 

V,  =  B  log.  r  -I-  A 

where  r  is  the  distance  of  the  point,  whose  potential  is  Vi  from 
the  axis  of  the  cylinders  and  B  and  A  are  constants  determined 
from  the  potentials  of  the  two  cylinders.  The  equipotential  sur- 
faces of  the  field  will  intersect  the  surfaces  of  revolution  formed 
by  the  two  lines  in  circles,  the  planes  of  which  will  be  perpendic- 
ular to  the  axis  of  the  cylinder.  If  each  circle  were  a  conductor 
connected  to  an  outside  source  having  the  same  potential  as  that 
of  the  equipotential  surface  on  which  the  circle  lies,  the  distri- 


POTBNTIAL  SUKPACES  OP  DIELEC- 
TRIC Sphere  in  a  Unipokm 
Electrostatic  Pield. 

Tht  apfacre  hu  the  proper  pot«nti 
tribution  orer  iU  mrfBce  to  inii 
diftortion  at  tbe  Gdd. 
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bution  over  the  surface  so  produced  would  cause  the  potential 
within  the  enclosed  region  to  be  equal  to 

V,  -  5  log,  r  +  A 

If,  instead  of  the  external  cylinder,  a  disk  be  substituted  of 
infinite  Radius  with  a  hole  in  it  of  the  same  diameter  as  the 
cylinder,  and  with  its  plane  at  right  angles  to  the  axis  of  the 
cylinders,  and  if  the  internal  cylinder  be  provided  with  a  similar 


disk  at  each  end;  taking  z  as  measured  from  the  point  of  inter- 
section of  the  axis  of  the  cylinder  and  the  plane  of  the  middle 
disk,  a  field  may  be  assimied  between  the  middle  and  u])])er  disks, 
having  its  equipotential  siu-faces  parallel  to  the  disk,  and  the 
potential  of  the  field  will  be 

Ko  =  C  +  O  s 
C  and  D  being  determined  by  the  potentials  of  the  middle  and 
outer  disks. 
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The  region  between  the  inner  cyhnder  and  middle  disk  may 
be  assumed  to  have  an  electrostatic  field,  the  equipotential 
surfaces  of  which  are  cylinders  concentric  with  the  inner  cylinder, 
and  whose  values  are  given  by 

\\  =  B  log.  r  +  A 

The  surface  of  separation  between  the  two  regions  having 
potentials  Vi  and  Fo  will  have  for  its  equation. 


C-  A 

a  =  e    B    =  radius  of  hole  in  outer  disk 

b  =  radius  of  inner  cylinder. 
/  =  length  of  inner  cylinder. 

If  the  three  disks  are  limited  in  diameter,  the  middle  one  being 
less  than  the  other  two,  and  if  the  region  between  the  two  outer 
disks  is  completely  enclosed  by  an  external  cyhnder  extending 
from  one  to  the  other,  the  outer  edge  of  the  middle  disk  may  be 
insulated  from  the  external  cylinder  in  a  similar  manner.  Thesfc 
three  examples  are  illustrated  in  Figs.  3,  4  and  ^  Tes^c'iAMt?!.-^ . 
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III.    Practical  Applications — Limitations 

In  practical  applications  of  this  principle,  the  means  for  pro- 
ducing a  potential  distribution  over  a  surface  are  limited.  A 
finite  number  of  steps  must  be  used  and  the  potentials  must  be 
applied  to  strips  of  metal  of  finite  widths  in  such  a  way  that  the 
intervening  surface  between  two  adjacent  strips  shall  have  the 
proper  potential  at  each  point.  However,  with  proper  care  in 
laying  out  the  various  parts,  a  fairiy  close  approximation  may 
be  made  to  ideal  conditions. 

The  practical  application  of  the  principle  that  at  once  suggests 
itself  as  being  most  suitable,  is  the  insulation  of  high-voltage 
transformers.  Accordingly,  the  problem  of  insulating  high-volt- 
age transformers,  particularly  such  as  are  used  for  testing  pur- 
poses, will  first  of  all  be  considered.  Application  to  line  insula- 
tors will  then  be  taken  up  and  miscellaneous  uses  to  which  the 
principle  may  be  adapted. 

IV.    Core  Type  Transformers 

Before  considering  the  application  of  the  principle  to  the  insula- 
tion of  transformers,  it  will  be  well  to  consider  the  mechanical 
characteristics  of  the  materials  available  for  insulating  trans- 
formers. Moulded  material,  on  account  of  the  large  btdk  re- 
quired in  high-voltage  transformers,  is  probably  out  of  the  ques- 
tion. At  present,  the  most  suitable  materials  are  obtainable  in 
the  form  of  cylinders  and  plates.  The  insulation  of  high-voltage 
transformers  will  therefore  consist  of  structures  of  concentric 
cylinders  and  parallel  plates  of  solid  insulation  interspersed 
with  oil.  The  forms  of  electric  field  that  are  most  suitable  with 
such  insidation  structures,  namely,  the  uniform  field  and  the 
field  of  logarithmic  potential,  give  also  the  best  conditions  of 
stress  in  the  materials  and  are  adapted  to  the  natural  form  of  the 
winding  and  core  structure  of  transformers. 

The  simplest  form  of  high-voltage  transformer  has  one  terminal 
connected  to  ground  through  the  core  and  case  and  the  other  is 
brought  out  through  a  high  potential  bushing  in  the  cover. 
Fig.  6  shows  the  diagram  of  connections  for  such  a  transformer 
designed  in  accordance  with  this  principle.  The  high-tension 
winding  of  this  transformer  is  made  up  of  a  number  of  discoidal- 
shapcd  coils,  arranged  and  connected  so  that  the  potentials  of 
the  coils  progressively  decrease  from  the  center  coils  outward. 
Thus,  the  coil  marked, ''  terminal  coil  "  has  the  highest  potential, 
while  that  marked  **  grouxv^  eoiJi''  V^  'Oaa  Vs^^t  i^tential. 
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Each  coil  is  so  placed  that  it  lies  on  the  equipotential  surface, 
corresponding  to  its  potential,  of  an  assumed  uniform  field  in  the 
region  included  between  the  middle  high-potential  coils  and  the 
outer  or  low  potential  coils.  The  whole  high  tension  winding  thus 
assists  in  producing  in  the  external  region  in  close  proximity 
to  the  windings,  and  in  the  part  of  the  internal  regions  which  are 
unoccupied  by  the  cylindrical  barriers,  what  substantially 
amounts  to  a  uniform  electric  field. 

The  external  surface  of  the  cylindrical  insulating  stracture 
which  serves  to  insulate  the  core  and  low-tension  winding  from 
the  high-tension  winding  is  shaped  according  to  the  interna) 
field  of  loearithmic  potential  and  the  external  uniform  field,  as 


Pig.  6 — Insulation  Scheme  fob  Transformer  Designed  to  Operate 
WITH  One  End  Grounded 


shown  in  the  foregoing  illustrations  given  in  Section  II.  See  Figs. 
4  and  5,  The  potential  distribution  over  the  surface  of  this 
cylindrical  structure  is  produced  by  connecting  unclosed  rings 
of  tin  foil  on  the  insulating  cylinders  to  the  proper  point  of  the 
high-tension  winding.  The  top  and  bottom  rings  on  each  cylinder 
are  connected  together  by  a  thin  strip  of  copper,  which  also  serves 
to  connect  an  upper  to  a  lower  coil.  Thus  the  ring  and  its  con- 
necting strip  lie  on  the  proper  equipotential  surface  of  the  system, 
and  therefore  produce  no  disturbance  in  the  electric  field.  More- 
over, the  ring  on  account  of  its  width,  helps  to  produce  the  proper 
potential  at  each  point  of  the  surface  of  the  cyUndri<ia.\  \ia.\tvei 
lying  between  it  and  the  adjacent  ring. 
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The  outlet  bushing  also  is  designed  so  that  when  in  position 
the  end  of  each  conducting  layer  will  lie  on  the  equipotential 
surface  of  the  system  having  the  same  potential,  thereby  pro- 
ducing the  minimum  disturbance.  This  outlet  bushing  is  not 
shown  in   Fig.  6. 

Fig.  7  shows  a  transfonner  built  according  to  this  scheme 
partly  assembled.  Fig.  8  shows  the  same  transformer  with  coils 
and  iron  assembled,  but  without  external  barrier.  Fig.  9  shows 
the  transformer  with  external  barrier  partially  assembled,  and 
Fig.  10  shows  the  transformer  complete  in  tank.  No  attempt 
was  made  to  produce  an  artificial  distribution  of  potential  over 
the  surface  of  the  external  barrier  of  this  transfonner  which  was 
made  of  fuUerboard,  on  account  of  the  impossibility  of  obtaining 
true  cylindrical  surfaces  with  such  material.  After  this  trans- 
former was  completed,  it  withstood  successfully  the  following 
tests  applied  in  succession: 

High  Tension  Potential 

Above  Ground  By  Ratio.        Time  of  Application. 

400,000  volts 1    minute. 

450,000      "      i 

600.000      «      1 

525,000      «      1 

573,000      «      10  seconds 

The  potentials  indicated  by  needle  point  spark  gap  were  35 
per  cent  higher  than  given  by  ratio. 

At  a  later  date,  the  transformer  was  excited  so  as  to  give  by 
ratio  a  ])otcntial  of  623,000  volts  ciTectivc  above  ground  without 
the  terminal  in  ])lace. 

The  form  of  transformer  next  in  degree  of  simplicity  is  designed 
to  oi:)erate  with  the  middle  ]>()int  of  its  high-tension  winding 
grounded.  Instead  of  one  transformer  designed  to  operate  in 
this  manner  being  used,  two  transformers,  like  that  already  de- 
scribed, may  l)e  used,  and  while  it  is  somewhat  more  costly  to 
make  two  such  transfonners,  there  are  advantages  in  ha\'ing  two 
units  that  can  be  used  for  testing  independently.  When  two 
transformers  are  used  in  this  way,  the  difference  of  potential 
obtainable  with  the  same  conditions  of  insulation  stress  is  double 
that  of  one.  Thus  two  transformers,  each  capable  of  producing 
600,000  volts  to  ground  when  so  combined,  will  be  equivalent 
to  a  one  million-volt  transformer  with  the  middle  point  grounded. 
The  design  of  a  transformer  to  operate  with  the  middle  point 
grounded  may  be  made  according  to  the  scheme  shown  in  Fig.  11. 


PLATE  XVIH 

VOL.  xKxii,  ma 


■1      i  s 
*       5; 
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A  transformer  is  sometimes  required  capable  of  operating  with 
either  end  of  the  high  tension  winding  grounded.  A  design  for 
such  a  transformer  may  be  made  according  to  the  scheme  shown 
in  Fig.  12.  The  insulating  structure  between  the  groups  of  coils 
on  different  legs  may  be  made  up  of  flat  sheets,  in  which  case  the 
surface  potential  may  be  such  as  to  give  a  uniform  field.  Instead 
of  a  structure  of  fiat  sheets,  a  cylindrical  structure,  completely 
surrounding  the  groups  of  coils  on  each  leg,  may  be  used,  in 
which  case,  the  proper  potential  distribution  is  such  as  will 
produce  in  the  structure,  a  field  of  logarithmic  potential.  Besides 
acting  as  insulation  between  the  two  groups  of  coils,  the  cylindri- 
cal structure  fonns  part  of  the  insulation  to  ground,  but  it  is 


Fig.  11 — Insulation   Scueme  and   Coil   Abrancembnt  for  Trans- 
FOKHEB  Designed  to  Operate  with  Middle  Point  Grounded 


hardly  practicable  on  account  of  the  high  cost  of  insulating 
cylinders  of  very  large  diameter. 


V.    Core    Type    Transformers    for    Polyphase   Circuits 

Conditions  of  operation  on  polyphase  circuits  are  somewhat 
different  from  those  on  single  phase  circuits.  A  brief  description 
will  be  given  of  the  changes  required  to  adapt  the  schemes  for 
insulating  transformers  shown  in  the  last  section  to  polyphase 
circuits. 

For  grounded  three-phase  star  systems,  the  scheme  shown  in 
Fig.  6  may  be  used  unchanged.     For  ungrounded  star  s^steroa 
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this  design  may  be  modified  by  the  addition  of  extra  insulation 
between  core  and  windings  to  protect  against  stresses  due  to  one 
wire  becoming  grounded.  The  insulation  included  in  the  coil 
grouping,  in  this  case,  should  be  considered  as  a  separate  region, 
because  external  bodies  may  have  their  potentials  changed  re- 
latively to  the  winding.  Accordingly,  the  potentials  of  the  wind- 
ings themselves  will  also  be  raised  or  lowered  relatively  to  external 
bodies.'  Therefore,  to  maintain  the  electric  fields  in  the  coil 
grouping  and  included  insulating  structures  unchanged,  it  is 
necessary  to  consider  all  this  space  as  a  separate  region.     The 


Fio.  12 — Insulation  Scheme  for  Transformer  Designed  to  Oper; 
WITH   Either  End  Grounded 


intensity  at  each  point  within  this  region  will  then  be  independent 
of  the  potential  of  the  coils  relative  to  ground.  For  the  region 
external  to  the  winding  included  between  the  cylinder  and  coils 
of  lowest  potential  of  the  winding  system  and  the  core,  the 
proper  potential  distribution  over  the  surface  may  be  obtained 
by  means  of  a  system  of  concentric  cylindrical  condensers  of 
equal  capacity,  varying  in  length  by  equal  steps,  according  to  the 
principle  used  in  the  condenser- type  terminal.  Fig.  13  shows  a 
scheme  of  insulation  for  such  a  transformer. 

For  delta  connection,  transformers  may  be  a  modification  of 
design  shown  in  Fig.  \2,  aA<i\\.\QVvs\  ^'uewtX-Vi  Vie.t,ween  windings 
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and  core  being  secured  to  take  care  of  stresses  when  one  windtt^ 
becomes  grounded. 

Figs.  14  and  15  show  polyphase  transformers  designed  accord- 
ing to  the  principle. 

VI.  Shell  Type  Transformers 
Figs.  16  and  17  show  the  arrangement  and  connections  of  the 
high  and  low-tension  coils  of  a  shell-type  transformer  designed 
to  operate  with  one  end  permanently  grounded.  Here  the  cods 
themselves  correspond  to  the  cquipotential  siufaces  of  one  region, 
their  potentials  decreasing  progressively  from  No.  1  to  No.  9. 
In  the  regions  included  between  the  coils  and  iron,  the  surface 


Pig.  13 — Insulation  Scheub  for  Transformer  Designed  to  Operate 
ON  Star  Svsteu  with  Ungrounded  Neutral 


potential  is  determined  by  the  coils  themselves,  so  as  to  produce 
approximately  a  uniform  field.  Fig.  16  shows  a  section  through 
the  middle  of  the  group  at  right  angles  to  the  plane  of  the  core 
laminations,  while  Fig.  17  shows  a  section  of  one  side  of  the  coils 
parallel  to  the  plane  of  the  laminations.  A  single  group  only  has 
been  shown.  If  more  groups  are  used,  each  group  may  be  wound 
in  the  same  way,  and  insulated  from  the  adjacent  low-tension 
winding  and  iron,  according  to  the  potential  of  the  outer  coils. 

A  shell-type  transformer,  designed  to  operate  with  its  middle 
point  grounded,  may  be  made  up  of  two  groups  connected  as 
shown  in  Fig.  18,  the  inner  coils  of  each  group  being  the  high- 
potential  coils,  and  the  outer  being  connected  to  the  iron  and 
case  and  grounded. 
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For  polyphase  systems,  modifications  of  the  designs  shown 
above  may  be  used.  These  modifications  are  of  the  same  nature 
as  those  required  to  adapt  core  type  single-phase  design  to  designs 
for  operation  on  polyphase  circuits,  and  need  not  be  gone  into 
any  further. 


OfEEATE  ON   UN- 


vii.    altlication  of  the  principle  to  the  design  of  outlet 
Terminals  and  Insulators 

In  core-type  transformers,  designed  according  to  the  principle, 
the  outlet  terminal  fonns  jiart  of  the  insulation  system  of  the 
transformer,  and  must  be  designed  in  accordance  with  the  same 
principle.    One  way  ol  dom£\^\\^■wQ^ii4^^^o'^>^^■*si<^■«^^Vv^^'aa 
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body  of  the  terminal  a  logarithmic  potential  by  means  of  rings 
of  tin  foil  connected  to  the  proper  points  of  the  transformer  wind- 
ing. This  method,  however,  is  not  convenient.  A  better  plan 
is  to  obtain  the  required  surface  potential  distribution  by  means 
of  a  system   of  concentric  condensers. 

The  condenser  tyjje  terminal,  as  it  is  commonly  called,  affords 
a  conspicuous  example  of  the  successful  application  of  the 
principle  stated  in  Section  II  o£  this  paper.  As  com- 
mercially made,  this  terminal  consists  of  a  series  system 
of  concentric  cylindrical  condensers  of  equal  capac'ty,  so 
arranged  that  the  ends  of  the  conducting  cylinders  form, 
at  the  outer  surfaces  of  the  terminal,  a  potential  distribu- 
tion corresponding  to  that  of  a  uniform  field,  the  equipotectial 


surfaces  of  which  are  at  right  angles  to  the  axis  of  these  cylinders. 
To  conform  therefore  to  the  principle  stated  in  Section  II  of  this 
paper,  the  space  external  to  the  terminal  must  be  bounded  by  two 
infinite  parallel  conducting  planes  perpendicular  to  the  axis, 
one  at  the  tip  and  the  other  at  the  end  of  the  conducting  cylinder 
of  largest  diameter,  and  connected  to  the  conducting  cylinders 
at  these  points.  In  practise,  this  condition  is  approximated  by 
placing  a  disk-shaped  conducting  body  at  the  end  of  the  middle 
cylinder,  and  making  the  surface  of  the  cover  through  which  the 
terminal  passes  as  free  from  projections  and  ridges  as  possible. 
A  comparative  test  has  been  made  on  a  terminal  of  this  type, 
first  with  a  small  disk,  and  then  with  a  large  one,  which  illus- 
trates in  a  remarkable  way  the  importance  of  the  proper  appli- 
cation of  the  principle.    The  terminal  whea  tesftifti  ^^^\^^^  ^  sma!\ 
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disk,  at  a  potential  above  ground  of  300,000  volts,  showed  signs 
of  corona,  which  extended  to  the  rings  at  the  edges  of  the  tin  foil 
cylinders  at  350,000  volts.  At  400,000  volts,  the  whole  tenninal 
was  ht  up  with  corona.  It  was  not  found  advisable  to  raise  the 
vo'tage  above  420,000  volts  for  fear  of  rupturing  the  terminal. 
The  small  disk  was  then  replaced  by  a  large  one  five  ft.  (1 .52  m.) 
in  diameter  and  one  ft.  (0.304  m.)  thick  with  semi-circular  edges. 
With  this  disk  the  tenninal  showed  no  signs  of  coronaup  to573,000 


volts.    These  potentials  are  those  obtained  by  ratio.    By  a  needle 
spark  gap,  the  values  indicated  were  35  per  cent  higher. 

There  are  other  ways  of  constructing  a  terminal,  depending 
upon  the  same  principle.  For  example,  instead  of  using  a  system 
of  concentric  cylindrical  condensers,  a  system  of  parallel  disk 
condensers  of  equal  capacity  might  be  used,  the  diameter  of  the 
disks  being  such  that  the  distribution  of  potential  over  the  sur- 
/flce  of  the  internal  re^oiv  ol  ^^ae  XjennwvA  ■w^  co^rcs^ond  to  a 
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logarithmic  potential,  with  proper  relations  between  the  inside 
conducting  cylinder  and  the  inside  edge  of  the  outer  disk.  The 
intensity  within  the  terminal  may  be  limited  to  any  assigned 
value.  A  terminal  designed  in  this  manner  would  occupy  more 
space  than  the  condenser  type  terminal,  but  might  have  ad- 
vantages where  it  is  desirable  to  make  the  overall  length  as  short 
as  possible. 

A  transmission  line  instdator  consists  of  a  system  of  condensers 
in  series.  To  obtain  an  equal  division  of  potential  difference 
between  insulators,  is  not  the  only  requirement  of  a  successful 
design.  This  condition  may  actually  be  obtained,  and  yet  the 
system  of  insulators  will  break  down  at  a  very  much  lower  poten- 
tial difference  than  the  sum  of  the  breakdown  strengths  of  each 
insulator.  The  strength  of  the  system  may  be  increased  by 
applying  the  principle  stated  in  this  paper.    Accordingly,  if  the 


MOULOEO 
INSULA 

METAL  BELL 


RECEM  TO  PERMIT  NESTING 
OF  ADJACENT  BELL. 


UNIT  PIN-TYPE  INSULATOR. 


nest  of  pin-type  insulat08s. 
Fig.  19 


units  of  which  the  insulator  is  composed  are  equally  spaced,  and 
have  each  the  same  capacity,  the  high-  and  low-potential  con- 
ducting surfaces  which  are  insulated  from  each  other  by  the 
insulator  should  be  so  designed  as  to  give  as  nearly  as  practicable 
a  imiform  field  corresponding  to  the  potential  distribution  at 
the  outer  surface  of  the  insulator.  For  example.  Fig.  19  illus- 
trates an  element  of  an  insulator,  which  consists  of  a  metal  bell, 
so  designed  that  it  may  be  used  as  the  electrode  of  the  adjacent 
insulator.  A  dielectric  compound  is  moulded  into  the  above 
mentioned  bell,  so  that  it  will  have  a  recess  for  the  adjacent  bell 
to  nest  into.  The  surface  of  the  dielectric,  which  is  intercepted 
between  two  adjacent  bells,  is  moulded  so  as  to  conform  to  the 
lines  of  force  of  the  electric  field  between  the  two  adjacent  bells. 
A  nest  of  these  may  be  used  as  a  high- voltage  insulator,  and  each 
insulator  will  take  up  approximately  an  equal  sYvacc^  ol  >Ja!^  ^^«^- 
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ence  of  potential,  but  in  order  to  obtain  the  highest  efficiency  from 
the  insulator,  an  arrangement  of  parallel  discoidal-shaped  elec- 
trodes, like  those  shown  in  Fig.  19,  must  be  used.  The  external 
field  will  then  be  substantially  uniform,  and  agree  with  the  divi- 
sion of  potential  between  the  individual  insulators.  The  efficiency 
of  the  combination  is  thereby  increased  in  exactly  the  same  way 
that  the  efficiency  of  a  condenser  type  terminal  as  an  insulator 
was  increased  by  the  addition  of  the  large  disk,  namely,  because 
it  completed  the  surface  distribution  of  the  region  surrounding 
the  terminal  in  accordance  with  the  principle. 

A  unit  insulator,  made  according  to  the  above  plan,  conforms 
to  the  law  of  similar  fields.    Thus,  if  the  dimensions  are  doubled. 


Fig.  20 


the  breakdown  voltage  is  doubled.  The  cost  of  an  insulator  of  this 
kind  will  vary  approximately  as  the  cube  of  the  voltaige.  If,  by 
some  such  method  as  that  outlined  in  the  last  paragraph,  the  effi- 
ciency of  a  nest  of  insulators  can  be  made  to  equal  that  of  each 
individual  unit,  and  if  this  can  be  done  at  a  reasonable  cost,  then 
the  cost  of  an  insulator  of  this  type  will  vary  directly  with  the 
voltage  for  which  it  is  designed.  It  is  therefore  obvious  that  an 
insulator,  consisting  of  a  nest  of  small  insulators,  would  cost 
less  than  a  large  single  insulator  designed  for  the  same  voltage. 
The  principle  may  be  applied  to  suspension  type  insulators,  also, 
as  shown  in  Fig.  20.  Other  types  of  insulators  besides  those 
shown  may  also  be  assisted  b^  We  ^.v^\\e^\XQt^  c^^.Njw^^-^TvxvciT^le, 
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but  the  advantage  to  be  gained  is  not  so  evident  as  in  the  type 
shown. 

VIII.     Miscellaneous  Applications 

The  well  known  principle  of  the  guard  ring  is  a  particular  case 
of  the  i)rinciple  stated  in  Section  II,  and  so  also  is  the  method  of 
protecting  instruments  by  means  of  grounded  metallic  coverings. 
The  principle  gives  the  method  by  which  a  given  electric  field 
may  be  maintained  constant  within  an  enclosed  region,  independ- 
ent of  the  influence  of  external  bodies.  It  may  therefore  be  used 
to  protect  systems  of  charged  bodies  from  the  influence  of  other 
bodies.  There  seem  to  be  many  possible  applications  of  the 
principle  in  high-voltage  investigations. 

IX.    Conclusions 

The  principle  stated  in  Section  II  of  this  paj^er  has  been  used 
to  insulate  a  high-voltage  transformer.  This  transformer  has 
been  used  to  produce  a  potential  above  ground  which  the  author 
believes  is  the  highest  yet  obtained  by  electrical  apparatus.  The 
principle  is  capable  of  wide  application,  and  seems  to  afford  a 
solution  of  some  of  the  most  perplexing  problems  confronting 
electrical  engineers. 
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Discussion  on  **  Air  as  an  Insulator  when  in  the  Presence 
OP  Insulating  Bodies  op  Higher  Specipic  Inductive 
Capacity  '*  (Fortescue  and  Farnsworth)  and  "  The 
Application  of  a  Theorem  op  Electrostatics  to  Insu- 
lation Problems"  (Fortescue),  New  York,  March  14, 
1913. 

Percy  H,  Thomas:  There  are  two  principal  concltisions  or 
principles  in  these  papers  which  we  should  carefully  distinguish. 
First,  where  solid  dielectrics  are  combined  with  air  in  the  insu- 
lation of  terminals  of  any  kind,  advantage  is  gained  if  the  solid 
insulator  is  shaped  in  a  particular  way;  that  is,  if  the  outline 
of  the  solid  material  follows  what  may  be  called  a  line  of  electro- 
static force  extending  from  the  positive  to  the  negative  terminal. 
Second  is  the  intelligent  control  of  the  static  potential  at  all 
points  between  the  two  terminals.  This  principle  is  illustrated 
by  the  so-called  **  condenser  '*  transformer  terminal.  Instead 
of  applying  100,000  volts  between  two  terminals  and  allowing 
the  potential  to  take  its  own  nattiral  distribution,  Mr.  Fortescue 
inserts  a  number  of  conductors  at  various  points  between  the 
terminals,  and  then  impresses  on  each  particular  intermediate 
conductor  the  potential  he  thinks  it  ought  to  have.  The  net 
result  is  a  gain  of  three  or  four  htmdred  per  cent  in  the  voltage 
which  can  be  withstood  by  the  same  length  of  air  gap.  The 
advantage  comes  about  in  this  way — ^we  get  a  relatively  high 
voltage  resisted  by  a  definite  air  gap,  when  the  fall  of  potential 
is  distributed  equally  through  the  whole  length  of  the  air  gap. 
By  devising  some  scheme  which  will  make  every  portion  of  the 
air  gap  work  to  its  maximum  limit,  we  succeed  in  getting  the 
greatest  effectiveness  that  is  possible  out  of  the  available  separa- 
tion. 

The  one  critical  thing  which  determines  this  distribution  of 
potential  along  the  air  gap,  in  other  words,  which  determines 
the  electrostatic  intensity  of  the  electrical  field  through  the  gap,  is 
the  shape  of  the  terminals.  The  electrical  field  has  a  uniform 
intensity  along  a  line  of  force  only  where  it  is  between  terminals 
in  the  form  of  wide  parallel  planes.  Wherever  the  terminal 
exposes  an  edge,  or  form  of  that  sort,  there  will  be  a  concentration 
of  the  lines  of  force,  that  is,  a  high  intensity  where  these  lines 
concentrate  and  a  low  intensity  somewhere  else.  In  this  case 
the  only  part  of  the  air  gap  that  does  its  full  duty  is  that  at 
the  point  of  greatest  concentration.  From  this  it  can  be  seen 
why  it  is  desirable  to  establish  the  potential  at  a  number  of 
intermediate  points  between  two  terminals  separated  by  insular- 
ting  material.  Supj)ose  wc  have  two  terminals  a  foot  in  diameter, 
separated  by  a  distance  of  two  feet.  Evidently  the  field  between 
will  not  be  uniform,  since  these  ])lates  are  relatively  small  in 
dimensions  in  ])ro])ortion  to  the  distance  between  them.  If, 
however,  we  place  two  similar  j)lates  one  inch  apart,  the  stress 
between  them  will  be  substantially  uniform  at  all  points.  There- 
fore, if  we  interpose  between  the  two  terminals  separated  by  the 
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space  of  two  feet,  a  number  of  similar  plates,  each  spaced  an  inch 
from  its  neighbor,  and  if  we  at  the  same  time  impress  upon  each 
intermediate  plate  a  potential  a  little  higher  than  the  potential 
of  the  previous  plate,  so  that  the  total  potential  is  divided 
evenly  between  them,  then  will  all  the  space  between  the  original 
plates  be  stressed  uniformly,  and  the  maximum  insulation 
strength  possible  will  be  obtained. 

I  would  like  to  call  attention  to  one  point,  since  we  have  recent- 
ly been  discussing  the  relative  effect  upon  insulation  of  stresses 
at  ordinary  frequencies  and  at  high  frequencies.  The  principles 
and  methods  set  forth  by  the  authors  do  not  involve  the  fre- 
quency directly;'  that  is,  the  ideal  arrangement  for  one  frequency 
will  be  the  ideal  arrangement  for  another  frequency,  at  least  so 
far  as  the  theoretical  principle  involved  is  concerned.  Con- 
sidering, for  a  moment,  the  first  principle  as  above  defined,  of 
using  such  a  shape  of  solid  dielectric  as  will  give  an  outline  which 
will  follow  the  direction  of  the  lines  of  electrostatic  force,  we  must 
recognize  two  disturbing  influences. 

The  first  is  the  effect  of  external  fields.  If  we  design  an  insu- 
lator of  this  type  on  the  theory  that  the  line  of  electrostatic  force 
will  no  longer  be  the  one  which  we  assumed,  the  surface  chosen 
will  no  longer  be  a  correct  surface  for  giving  the  maximum  effi- 
ciency. This  is  a  matter  which,  in  some  applications  of  this 
principle,  will  be  extremely  important.  Mr.  Fortescue  has  given 
one  excellent  example  in  the  condenser  type  terminal.  The 
necessity  of  having  a  large  plane  on  top  of  the  terminal  for  the 
best  effect,  rests  in  its  effect  in  eliminating  the  disttubance  of  the 
stress  due  to  external  fields. 

The  second  disturbing  point  is  the  matter  of  current  leakage 
over  the  surface.  We  have  a  chance  for  surface  leakage  of  cur- 
rent from  one  terminal  to  the  other.  The  resistance  value  of  the 
leakage  path  taken  by  this  current  may  vary  from  that  represent- 
ing the  electrostatic  distribution  of  potential.  As  a  result,  the 
fall  of  potential  along  the  surface  will  not  necessarily  be  the  same 
as  that  produced  by  the  electrostatic  field.  In  this  case,  the 
result  will  be  that  a  charge  will  accumulate  on  the  surface  of  the 
insulation  which  will  change  the  distribution  of  the  static  field 
to  bring  it  into  relation  with  the  drop  in  potential  of  the  leakage 
current;  that  is  to  say,  it  would  not  be  safe  to  plan  the  insulation 
from  a  consideration  merely  of  the  electrostatic  field,  where  a 
considerable  surface  leakage  may  be  expected. 

Since  oiu*  electrical  knowledge  has  grown  up  from  two  or  three 
different  and  independent  beginnings,  for  instance,  from  the 
electrostatic  point  of  view  and  the  electromagnetic  point  of 
view,  there  are  usually  two  ways  of  looking  at  the  same  phenom- 
enon. Mr.  Fortescue  has  considered  one  method  of  looking  at 
these  electrostatic  insulation  problems,  and  a  good  many  have 
used  another  method  of  looking  at  exactly  the  same  thing,  these 
two  methods  being,  perhaps,  mathematically  equivalent.  For 
the  particular  class  of  problems  Mr.  Fortescue  discussed,  his 
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method  is  best.  For  some  other  applications  the  other  method 
may  be  the  best.  Take  the  magnetic  circuit:  we  used  to  look 
upon  it  as  determined  by  the  magnetic  charges  located  on  the 
surface  of  the  magnetic  material,  or,  in  other  words,  as  deter- 
mined by  the  resultant  effect  of  the  free  magnetism  appearing 
at  the  various  surfaces  where  magnetic  flux  enters  iron  or  other 
material  of  high  permeability.  Later,  however,  we  began  to  look 
at  the  magnetic  circuit  as  analogous  to  the  electric  circuit,  and 
to  apply  a  law  analogous  to  Ohm's  law,  namely,  the  law  that  the 
magnetic  flux  in  a  magnetic  circuit  is  the  magnetomotive  force 
divided  by  the  reluctance. 

Suppose  we  have  a  rod  and  insulate  it  from  'the  conductor  at 
any  potential,  as  in  a  bushing.  We  know  that  the  metal  a  (Fig.  1) 
and  the  rod  b  arc  at  a  difference  of  potential,  separated  by  the 
insulation  C.  This  has  long  been  known  as  an  unsuitable  form 
for  resisting  high-frequency  voltage.  One  way  of  explaining 
this  fact  is  to  assume  that  the  point  A  in  the  sketch  represents  a 
small  condenser,  one  plate  being  the  conductor  inside  the  insula- 
ting tube  and  the  other  plate  being  the  outer  surface  of  the  tube. 
It  is  well  known  that  any  condenser  cannot  have  any  potential 
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impressed  upon  it  until  a  charge  is  added  to  the  condenser. 
The  surface  of  the  insulation  at  this  ])oint  A  will  be  the  potential 
of  the  inner  rod,  until  some  charge  ap]3ears  on  its  surface,  that  is, 
until  the  full  potential  to  be  insulated  has  been  impressed  l)etween 
the  point  A  and  the  plate  a.  If,  now,  this  potential  is  sufficient 
to  break  down  the  air  to  the  point  A ,  this  point  becomes  charged 
to  the  full  normal  potential  on  the  terminal  and  the  voltage  of 
a  is  brought  to  the  point  A.  It  is,  therefore,  impressed  upon  the 
remaining  portion  of  the  insulation  C,  and  we  may  assume  a 
similar  jump  to  a  second  ]K)int,  By  nearer  the  end,  which  will 
bring  the  potential  of  the  plate  a  to  the  point  B,  and  so  on  until  a 
discharge  is  produced  over  the  whole  distance.  This  has  been 
one  customary  way  of  explaining  the  known  inherent  weakness 
of  this  form  of  insulation. 

In  Mr.  Fortescue's  explanation  you  have  it  somewhat  as 
follows:  If  there  were  no  insulating  bushing,  the  lines  of  force 
would  be  distributed  as  shown  in  dotted  outline  in  Fig.  2.  If 
the  insulation  is  now  introduced,  the  resistance  of  this  material  to 
the  electrostatic  lines  of  force  becomes  less,  and  the  lines  of  force 
become  crowded  and  revoke,  \\\\Tc\^toM's>  wear  the  plate  a.     This 
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means  a  greater  intensity  of  field  at  the  point  i4  as  is  shown  by  the 
lines  of  force  represented  by  full  lines,  which,  in  the  case  pre- 
viously assumed,  starts  the  breakdown  of  the  air  at  this  point 
and  a  fresh  concentrated  distribution  of  the  field  of  force  will 
occur,  leading  to  a  total  breakdown.  These  two  explanations  are 
different  ways  of  expressing  the  same  mathematical  and  physical 
situation  and  illustrate  what  I  started  to  say,  namely,  that  some 
of  the  phenomenon  explained  by  Mr.  Fortescue  with  great  clear- 
ness have  been  previously  understood  and  explained  from  a 
different  point  of  view. 

The  idea  of  greatest  interest,  perhaps,  and  the  one  which  will 
help  us  the  most,  is  the  second  of  Mr.  Fortescue's  principles,  that 
of  establishing  arbitrarily  the  fall  of  potential  through  the  insula- 
tion in  the  manner  that  we  wish  to  use. 

I  wish  to  ask  Mr.  Fortescue  if  he  will  answer  one  or  two 
questions  in  regard  to  Fig.  7,  in  the  paper  by  the  joint  authors, 
as  illustrating  the  effect  on  the  distribution  of  the  field  of  having 
a  little  ring  R  added  to  the  solid  dielectric  between  the  two  plates 
M  and  N.  This  produces  a  concentration  of  field  and  increases 
the  intensity  at  certain  points.  I  would  like  to  ask  him  whether, 
as  a  net  result,  the  total  breakdown  strength  is  less  than  it  would 
be  without  that  little  ring.  It  is  conceivable  that  locally  the 
stress  on  the  air  might  be  greater,  as  it  imdoubtedly  is,  and  yet, 
in  view  of  the  added  distance  that  the  spark  must  pass,  that 
the  net  result  would  be  an  increase  in  the  total  resistance  of  the 
apparatus. 

That  leads  to  another  question:  If  we  have  a  distribution  of 
surface  of  a  solid  dielectric  between  two  terminals,  which  pro- 
duces an  excessive  concentration  of  field  at  one  point,  does  the 
local  breakdown,  in  fact,  have  any  more  effect  than  removing 
so  much  of  the  total  gap?  That  is,  has  a  breakdown  at  one  point 
a  positive  deteriorating  effect  upon  other  parts  of  the  gap? 

Another  caution  is  needed.  If  we  succeed  in  determining  the 
form  of  our  field  and  succeed  in  getting  a  form  of  insulation  which 
will  give  us  the  very  maximum  possible  strength  from  a  given 
separation  of  terminals,  and  there  is  any  disttirbance  in  these 
ideal  conditions,  the  results  will  be  far  more  harmful  than 
would  have  been  the  case  with  a  less  favorable  design  of  the  poten- 
tial distribution.  It  is  generally  easier  to  upset  a  perfectly  ideal 
condition  than  one  where  reliance  is  placed  on  thick  material 
and  wide  spacing. 

I  infer,  from  what  Mr.  Fortescue  says,  that  we  must  give  up 
the  idea  of  having  a  positive  and  a  negative  terminal  in  the  same 
high-tension  transformer  when  we  go  up  to  perhaps  100,000  volts. 

Ralph  D.  Mershon:  These  papers  are  admirable.  They 
are  not  only  valuable  and  interesting — they  are  fascinating. 
I  emphasize  this,  because  a  little  later  I  shall  criticize  one  of 
them,  and  I  would  not  have  you  think  I  imdervalue  the  paper, 
or  the  beautiful  work  it  presents. 

Referring  to  the  joint  paper,  there  are  anumberof  thm^^.bQ^3X 
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it,  aside  from  the  general  subject,  that  appeal  to  me  very  strongly. 
For  instance,  the  scheme  of  Fig.  3,  using  a  pantograph.  I  do 
not  know  whether  that  is  original  with  the  authors,  but  whoever 
devised  this  scheme  has  done  an  effective  and  ingenious  thing. 
I  am  surprised  and  disappointed  that  they  did  not  get  results 
agreeing  more  closely  with  theory  than  those  shown  in  Fig.  4. 
Possibly  the  discrepancies  are  due  to  the  e.m.f .  of  decomposition 
of  the  salt  solution. 

On  page  899,  the  question  of  "  creepage "  distance  is 
brought  up.  Mr.  Thomas  has  already  referred  to  it  and 
I  hope  the  authors  will  bear  rather  forcibly  upon  it  when 
they  make  their  closiure.  It  seems  to  me  there  is  a  possibility 
of  the  action  Mr.  Thomas  suggests.  When  in  the  past  a  cor- 
rugated siuiace  has  been  used,  I  think  it  was  not  primarily  used 
for  the  ptupose  of  insulation,  in  the  sense  that  the  authors  of  the 
paper  have  assumed.  I  think  that  usually  the  siufaces  would 
have  insulated  properly,  without  grooves,  so  long  as  they  were 
clean,  and  that  the  grooves  were  used  in  order  to  increase  the 
length  of  path  and,  therefore,  the  resistance  of  any  dirt  that  might 
get  on  to  the  insulator.  The  authors  speak  of  the  fact  that  they 
have  tested  insulators  with  dirty  siurfaces.  I  have  made  tests 
with  insulators  ptu^posely  sprinkled  with  dust,  in  the  endeavor  to 
simulate  the  conditions  of  practise,  and  have  found  the  results 
not  at  all  the  same  as  those  obtained  with  insulators  that  had 
gathered  dirt  in  their  own  peculiar  way. 

Mr.  Thomas  referred  to  the  matter  of  frequency,  and  stated 
that  surfaces  made  in  the  way  described  by  the  authors  would  not 
be  affected  by  frequency.  It  seems  to  me  there  may  be  some 
question  about  that,  especially  with  the  very  high  frequencies  as- 
cribed to  lightning. 

The  effects  of  high  frequency  have  been  emphasized  in  my  mind 
by  some  experiments  I  saw  not  long  ago  at  Leland  Stanford  Univer- 
sity. Prof.  Ryan  is  now  doing  some  work  with  sustained  high-fre- 
quency current,  using  a  Poulsen  arc  and  getting  voltages  up  to 
35,000  and  frequencies  as  high  as  1,000,000.  It  is  startling  to 
see  what  the  high  frequencies  do  and  the  difference  between 
their  effects  and  those  of  ordinary  frequencies,  both  as  to  distri- 
bution of  voltage  over  an  insulator,  and  the  effect  on  the  insu- 
lator itself.  For  instance,  35,000  volts,  at  a  frequency  of  250,000, 
will  in  a  few  seconds  go  through  an  inch  of  porcelain  just  as  you 
might  poke  a  skewer  through  a  piece  of  cheese. 

I  want  to  second  Mr.  Thomas's  request  that  the  authors  give 
us  some  idea  as  to  the  effect  of  surroimding  objects.  For  instance, 
what  will  be  the  effect  on  transformer  terminals  if  the  trans- 
former is  in  a  small  cell?  Is  the  conductivity  of  the  ordinary 
masonry  wall  sufficient  to  materially  change  the  distribution? 
Suppose  some  time  we  wanted  to  install  a  transformer  within  a 
cell  made  of  something  that  is  a  better  conductor  than  masonry — 
what  precautions  must  we  take  in  the  case  of  terminals  built  in 
this  way? 
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Now,  turning  to  the  paper  of  Mr.  Fortescue — as  I  said  before, 
it  presents  a  very  beautiful  piece  of  work.  But  it  is  a  pity,  I 
think,  that  a  piece  of  work  as  valuable  as  this  is  not  more  clearly 
presented.  It  seems  to  me  that  this  paper  ought  to  be  worked 
over  very  carefully,  and  so  modified  as  to  make  it  more  readily 
intelligible  to  those  who  may  have  occasion  to  refer  to  it  in  the 
future.  I  sincerely  hope  that  Mr.  Fortescue  will  endeavor  to 
work  it  over  in  that  way. 

The  trouble  with  investigators  and  engineerg  is  that  they 
are  usually  so  saturated  with  their  subject  that  they  cannot  realize 
the  fact  that  the  man  to  whom  they  are  trying  to  impart  infor- 
mation is  not  similarly  saturated.  They  have  gradually  come 
to  the  point  of  saturation  themselves,  and  having  arrived  there 
are  so  thoroughly  permeated  with  the  subject  that  they  cannot 
realize  the  fact  that  they  got  their  information  by  slow  processes. 
In  explaining  they  omit  many  of  the  mental  steps  by  which  they 
arrived  and  which  should  be  included,  so  that  those  who  read  what 
they  produce  may  clearly  understand.  It  is  not  enough  to  write 
engineering  and  scientific  papers  so  that  they  can  be  understood; 
they  should  be  so  written  that  there  can  be  no  possibility  of  their 
being  misunderstood.  To  my  mind,  the  best  example  we  have 
of  that  sort  of  writing  is  the  works  of  Silvanus  P.  Thompson.  I 
think  he  is  a  past  master  of  instructional  writing.  I  have  never 
read  anything  of  his  that  did  not  conform  to  the  criterion  just 
laid  down,  and  I  think  we  can  all  take  him  as  an  example. 

It  is  not  quite  clear  to  me  whether  the  treatment  of  the  insu- 
lator at  the  end  of  Mr.  Fortescue 's  paper  is  an  overlapping  of  the 
treatment  m  the  joint  paper,  or  not,  and  I  would  be  glad  if  Mr. 
Fortescue  would  make  this  a  little  clearer. 

Comparing  the  two  papers,  the  one  that  appeals  to  me  most 
is  the  joint  paper.  Although  the  results  outlined  in  Mr.  For- 
tescue's  paper  are  undoubtedly  of  very  great  value,  and  exceed- 
ingly interesting,  the  method  of  accomplishment,  is,  so  to  speak, 
more  brutal  than  that  of  the  other.  The  method  of  Mr.  For- 
tescue's  paper  is  like  nailing  a  thing  down  with  a  railroad  spike, 
whereas  that  of  the  other  is  like  tying  it  up  with  a  silk  thread.  I 
think  that  is  the  reason  why  this  joint  paper  is  so  much  more 
fascinating  to  me  than  the  other,  although  the  results  of  the  other 
paper  are,  no  doubt,  just  as  valuable,  perhaps  in  some  ways  more 
so.  * 

C.  O.  MaiUouz:  I  may  not  be  able  to  contribute  very  usefully 
to  the  discussion  of  these  papers,  having  seen  them  for  the  first 
time  only  as  I  came  in  the  meeting.  Nevertheless,  I  feel  prompted 
to  say  something  in  justice  to  the  authors,  because  the  im- 
pressions produced  upon  my  mind  by  these  papers  are  quite 
different  from  those  seemingly  produced  upon  the  preceding 
speaker.  As  I  listened  to  the  presentation  of  the  abstracts  of 
these  papers,  my  interest  in  and  admiration  for  them  grew  rapidly ; 
and  I  thought  it  only  right  to  let  the  authors  know  it. 

I  have  a  high  opinion  of  these  papers.     I  think  the  Electro- 
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physics  Committee  is  to  be  congratulated  upon  having  presented 
them.  I  regard  them  as  possessing  the  highest  interest,  both 
theoretically  and  practically.  Indeed,  I  am  tempted  to  charac- 
terize them  as  being,  in  a  sense,  epoch-making.  It  seems  to  me 
that  they  afford  another  interesting  example  of  the  fact  that 
great  practical  results  may  be  reached  through  highly  theoretical 
and  even  somewhat  abtruse  considerations. 

We  have  all  had  occasion  to  realize  that  pure  theory  may,  and 
occasionally  does,  prove  a  clear-sighted  prophet  and  a  most  help- 
ful guide  by  whose  assistance  results  of  the  highest  practical 
value  are  attained  in  a  relatively  simple  manner,  sometimes  after 
all  previous  efforts  to  secure  them  by  means  more  direct  and 
adequate  have  failed  completely.  The  paper  of  Mr.  Fortescue 
seems  to  me  to  be  one  of  that  rare  and  valuable  kind.  As  I  listened 
to  the  abstract,  I  remembered  that  five  years  ago,  in  a  discus- 
sion of  engineering  education,  before  this  Institute,  I  called  atten- 
tion to  the  importance  and  desirability  of  an  engineer  being  trained 
so  as  to  be  able,  on  occasion,  to  attack  and  to  solve  problems  by 
entirely  theoretical  methods.  I  cited,  as  examples,  two  cases 
wherea  triiunph  in  electrical  science  and  engineering  was  achieved 
as  the  result  of  the  solution  of  a  differential  equation.  It  is 
worth  while  to  recall  them  here  as  edifying  deeds.  The  first  of 
these  triumphs  was  achieved  more  than  fifty  years  ago  by  Kelvin, 
who,  by  finding  **  particular  solutions  "  of  a  differential  equation, 
which  has  since  become  known  to  us  as  the  "  telegraphers' 
equation,"  rendered  submarine  telegraphy  possible,  and  in  fact 
was  able  to  foresee,  forecast  and  specify  all  the  essential  facts, 
features  and  difficulties  involved  in  submarine  telegraphy.  The 
second  triumph  was  achieved  a  half-century  later  by  Dr.  M.  I. 
Pupin,  who,  by  finding  the  general  solution  of  the  same  equation, 
made  clear  for  the  first  time  new  physical  features  and  character- 
istics, and  modernized  long-distance  telephony,  by  rendering  very 
easy  that  which  had  seemingly  been  impossible  before.  In  con- 
nection with  this  very  subject,  I  might  add  that  the  excellent 
work  of  Dr.  Kennclly  in  the  study  of  the  characteristics  of  long 
transmission  circuits — constituting  interesting  extensions  and 
applications  of  the  same  theoretical  principles — furnishes  an- 
other example  of  the  way  in  which  theory  may  blaze  out  a  path 
which  proves  to  be  the  shortest  cut  to  the  beet  practical  methods. 

Mr.  Fortescue's  paper  has,  in  my  opinion,  the  rare  merit  of 
being  at  the  same  time  intensely  theoretical  and  intensely  prac- 
tical. In  this  paper,  theoretical  considerations  are  used  very 
intelligently  to  assemble  and  co-ordinate  certain  facts,  to  develop 
conclusions  from  them,  and  to  point  out  the  way  to  very  inter- 
esting and  far-reaching  practical  applications. 

The  preceding  speaker  finds  the  paper  lacking  in  clearness. 
The  abstract  of  the  paper  given  by  the  author  seemed  to  me  to 
be  lucid  enough,  especially  after  reading  and  noting  the  statement 
of  principle  of  electrostatic  theory,  given  in  the  paper.  It  so 
happens  that  the  principle  here  referred  to  could  be  presented  and 
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made  clear  in  many  different  ways;  and  this  paper  is  of  a  kind 
whose  clearness  may  depend  as  much  on  the  habits  of  mind  and 
thought  of  the  person  who  reads  it,  as  of  the  one  who  wrote  it. 
I  say  this  in  all  seriousness,  and  without  wishing  in  the  least  to 
disparage  the  type  of  mind  or  the  habits  of  thought  or  study  of 
any  person  whatever.  Some  persons,  it  is  known,  can  see  theo- 
retical principles  very  clearly  from  a  geometrical  or  pictorial  point 
of  view;  others  see  them  best  from  a  mathematical  or  analytical 
point  of  view;  still  others  see  them  best,  or  perhaps  only,  through 
a  physical  description;  and,  lastly,  there  are  those  who  can  see 
them  from  all  points  of  view.  Personally,  I  think  it  would  have 
been  a  good  idea  to  have  put  in  an  appendix  to  this  paper,  a 
restmie  of  the  mathematical  theory  referred  to  on  page  909.  Had 
this  been  done,  those  of  you  who  have  studied  the  Theory  of  the 
Potential  Ftmction  would  doubtless  have  recognized  some  other 
old  acquaintances  besides  "  Green's  theorem  *\  The  sight  of  an 
equation  may  suffice,  often,  to  put  one  on  speaking  terms  again 
with  an  idea  or  a  principle  that  one  already  knew  either  analyti- 
cally or  geometrically  or  physically,  or  in  ail  three  ways.  In  the 
case  under  discussion  the  ideas  and  principles  are  much  better 
known  than  might  be  supposed  at  first.  They  are  as  simplefas 
they  are  beautiful.  The  author  should  be  congratulated  for 
having  placed  before  us  something  which  has  been  in  our  reach 
for  a  long  time,  and  which,  though  as  simple  as  the  egg-trick  of 
Columbus,  yet  has  been  imnoticed  and  passed  by,  by  most  of  us. 
It  is  not  at  all  difficult  to  understand  the  theory  which  is  involved. 
You  are  all  really  quite  familiar  with  it  already,  I  am  siu'e.  We 
have  had  to  do,  in  this  case,  with  equipotential  surfaces,  which 
in  a  space  of  three  dimensions  become  equipotential  envelopes. 
A  toy  balloon  of  thin  rubber,  inflated  with  gas,  gives  an  ocular 
demonstration  of  a  **  surface  "  constituting  an  ''envelope  "  which 
may  be,  in  a  sense,  called  * 'equipotential  ".  In  that  case  we 
have,  on  both  sides  of  the  envelope  or  shell,  an  equilibriiun  of 
pneumatic  "  pressures,"  whereas,  in  the  case  of  an  equipotential 
electric  envelope,  we  have  equilibrium  of  electric  "  pressures  "  or 
potentials  on  the  two  sides  of  the  envelope.  In  electrophysics, 
we  have  equipotential  "  envelopes  "  or  "  shells  '*  of  two  principal 
kinds,  namely  one  in  which  the  potentials  are  electrical  forces  or 
pressures,  which  are  familiar  to  us  by  the  indications  or  effects 
which  they  can  produce  on  a  voltmeter,  and  also  another  kind  in 
which  the  forces  are  magnetic.  In  both  cases,  the  surface  passing 
through  all  points  of  the  same  potential  is  an  equipotential  sur- 
face, and  this  equipotential  surface  becomes  an  equipotential 
envelope  in  the  case  of  an  isolated  electrified  or  magnetized  body. 
The  iron  sphere  used  by  Lord  Kelvin  as  the  "envelope"  of  his 
"  ship-galvanometer  "  to  make  it  independent  of  the  magnetiza- 
tion of  the  earth  or  of  the  ship  was,  in  a  sense,  an  equipotential 
magnetic  shell.  It  also  answered  the  piu'pose  of  a  "  barrier  ", 
to  borrow  a  term  from  the  theory  of  the  potential  fimction.  Mr. 
Fortescue  has  done  something  analogous.     Starting  from  and 
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guided  by  considerations  which  usually  would  interest  only  the 
mathematical  physicist,  he  has  evolved  from  intensely  theoretical 
ideas  an  intensely  practical  conclusion  and  method.  I  think  that 
the  analogy  of  the  toy  balloon  which  I  have  just  referred  to  will 
enable  us  to  get  a  pretty  good  idea  of  what  he  has  sought  to  do 
theoretically  and  what  he  has  accomplished  practically.  Let  us 
suppose  that  while  the  little  balloon  is  being  inflated,  it  shows  a 
tendency  to  bulge  and  to  form  excrescences  at  one  or  more  places. 
It  would  still  be  an  equipotential  surface,  but  there  might  be 
more  strain  on  the  thinner  and  weaker  parts  which  are  bulged 
out  excessively.  If  now  we  find  some  way  of  applying  a  counter- 
potential  or  a  balancing  potential,  it  will  reduce  the  bulge  and 
make  the  balloon  as  a  whole  spherical  once  more.  We  would  there- 
by reduce  the  excessive  strain  produced  at  the  weaker  points. 
This  would  be  accomplished,  for  instance,  if  the  toy  balloon  were 
enclosed  in  a  hollow  metal  sphere  or  spherical  shell,  because  the 
bulging  parts  coming  in  contact  with  the  inner  surface  of  the 
shell,  would  be  prevented  from  further  bulging  and  straining.  In 
analogous  manner,  Mr.  Fortescue  seeks  to  apply  balancing  or 
compensating  potentials  to  different  points  of  an  electromagnetic 
winding,  so  as  to  keep  the  equipotential  envelope  from  bulging 
too  much  or  to  keep  it  within  bounds,  so  to  speak.  This  is  un- 
doubtedly a  very  interesting  and  captivating  feature  of  his  paper. 
I  consider  it  a  theoretical  treat  as  well  as  a  practical  feat. 

F.  W.  Peek,  Jr:  These  papers  bring  out  in  a  very  interesting 
way  the  dielectric  circuit.  How  in  design  we  must  not  think  of 
voltage  and  insulation  thickness  alone,  but  of  dielectric  flux. 

When  energy  was  first  transmitted  electrically  low  voltages  and 
large  currents  were  used.  Therefore,  it  was  not  necessary  to 
bother  much  with  a  study  of  insulation,  but  the  magnetic  field 
was  of  necessity  investigated  and  studied.  We  would  not  think 
of  building  apparatus  in  which  the  magnetic  circuit  was  badly 
out  of  balance  or  in  which  the  lines  were  very  much  crowded 
in  one  place.  Yet  balance  of  the  dielectric  circuit  is  of  much 
greater  importance  than  balance  of  the  magnetic  circuit. 

In  these  days  of  high-voltage  engineering  the  dielectric  circuit 
must  be  considered  in  the  same  way  the  magnetic  circuit  is  con- 
sidered— and  not  as  *'  charges  "  or  as  something  connected  with 
rubbing  glass  rods  on  silk,  pith  balls,  etc.,  as,  unforttmately,  it 
is  still  taught  in  some  of  our  colleges.  Naturally  in  all  intelligent 
high- voltage  designs  the  dielectric  circuit  is  considered. 

The  dielectric  circuits  and  magnetic  circuits  are  in  many  ways 
analogous.  Thus  to  establish  the  magnetic  field  there  is  the 
magnetomotive  force,  to  establish  the  dielectric  field  the  elec- 
tromotive force ;  corresponding  to  the  magnetizing  force  or  mag- 
netomotive force  per  centimeter  of  circuit  there  is  the  electrifying 
force  or  gradient  or  volts  per  centimeter  of  dielectric  circuit ;  mag- 
netic flux  density ;  dielectric  flux  density,  etc.  Insulation  ruptiu"es 
when  the  dielectric  flux  density  exceeds  a  given  value,  or  the  force 
producing  the  flux  exceeds  a  given  value.     The  flux  density  at 
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a  given  point  is  proportional  to  the  gradient  at   that  point, 

that  is,  -J—.     The  gradient  may  thus  be  considered  as  a  force  or 

stress  on  the  insulation,  and  the  flux  density  the  resulting  elec- 
trical strain  or  displacement.  This  is  analogous  to  Hooke's  law 
of  mechanically  elastic  bodies.  When  the  force  or  gradient  ex- 
ceeds the  elastic  limit,  rupture  occtu-s.  The  permittivity  or 
specific  capacity  of  a  dielectric  is  a  measure  of  its  "  electrical 
elasticity  ".  The  permittivity  for  air  is  (1)  and  for  glass  (5). 
Thtis  with  the  same  gradient  or  electrical  force  the  displacement  or 
flux  density  is  five  times  in  glass  what  it  is  in  air.  But  it  takes 
about  twice  the  force  or  gradient  to  rupture  glass,  therefor  at  rup- 
ture glass  is  displaced  ten  times  as  much  as  air.  Thus  air  is  elec- 
trically stiflE  and  glass  is  electrically  elastic.  In  most  forms  of 
insulators,  leads,  etc.,  air  is  unfortimately  necessarily  in  combina- 
tion with  a  solid  dielectric.  When  glass  or  some  other  solid  di- 
electric is  placed  in  series  with  air  the  solid,  for  the  same  dis- 
placement or  flux  density,  requires  a  lesser  gradient  or  stress; 
most  of  the  stress  is  thus  put  on  the  weaker  air.  which  ruptures. 

Nattirally  in  design,  then,  it  is  our  general  object  to  so  propor- 
tion the  insulation  that  the  stress  or  gradient  is  proportional  to 
its  strength;  that  is,  for  a  given  insulation,  to  make  the  flux  den- 
sity uniform,  and  for  a  combination  of  insulations,  to  so  arrange 
them  that  in  the  combination  the  one  does  not  weaken  the  other 
but  that  the  stronger  actually  relieves  the  weaker,  or  in  other 
words  so  that  the  flux  density  is  greater  in  the  one  of  greater  per- 
mittivity and  strength.  This  must  apply  to  the  internal  strains 
as  well  as  the  so-called  leakage  strains. 

The  authors  have  shown  that  by  making  the  solid  insulation 
tangential  to  the  lines  of  force  the  field  is  not  distorted  and  the 
stress  on  the  air  is  not  increased  by  the  introduction  of  the  solid. 
This  is  a  step  in  the  right  direction,  but  it  however  does  not 
necessarily  give  the  best  form  for  the  solid,  for  although  the  addi- 
tion of  the  solid  does  not  put  extra  stress  upon  the  air,  it  also 
does  not  tend  to  relieve  the  air  at  the  point  of  greatest  flux  den- 
sity. 

For  internal  strains  the  arrangement  of  conductors  should  be 
considered  and  is,  as  for  instance,  in  a  transformer  by  arrange- 
ment of  conductors  and  coils,  where  extra  metal  for  this  purpose 
is  not  generally  necessary.  For  instance,  if  two  conductors  of 
a  given  diameter  are  taken  and  placed  a  given  distance  apart  the 
insulation  may  break  down  at  say  85,000  volts;  if  these  conductors 
are  now  split  up  into  six  conductors  an  arrangement  may  be 
made  which  will  require  100,000  volts  to  ruptiu"e. 

It  is  proper  and  necessary  to  consider  all  such  features  in  de- 
sign,  but  as  in  all  engineering  work  there  must  be  a  compromise; 
apparatus  must  be  designed  not  only  to  meet  normal  con- 
ditions, but  also  to  meet  abnormal  conditions.  We  have, 
so.  far,   only    considered    high    voltage    at    low     frequency. 
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Sitpjx^se,  oryvr^  ooils,  ir::scd&:>>rs,  etc.  ax^  the  stress 

is  evervwhere  evedv  di>:rEbojed-  To  do  tiiis  the  insolation 
nmst  be  itanatd  oat  at  ooe  poiin  axyi  thirkmed  at  axxither  point. 
Noir  in  case  of  bijpi  freqaetxy  thewbole  vokagemaybelocafized 
at  the  point  wfaere  the  insulator  was  decr^sed  in  thickness. 
Hence  ideal  insolation  ifjc  nonnal  frequency  may  in  no  way  be 
faractk^  but  break  down  immediaulir  with  the  first  sorge  or 
li^^ning  strc4ce.  This  nyans  that  the  design  most  sometimes 
be  modified  from  the  "  ideal  " — not  always  or  even  generally, 
but  it  is  a  point  which  most  always  be  considered.  It  can  be 
readily  seen  how  this  localization  of  potential  can  happen,  espe- 
ciaUy  in  certain  types  of  apparatos  as  at  the  point  ot  tlun  instda- 
tion  the  potential  may  pik  op  doe  to  the  reactance  and  capacity 
oombinsLlkm  at  this  point.  It  is  of  ntmost  importance  in  deagn 
to  consider  this  and  modify  the  '*  ideal  "  design  accordingly  when 
necessary,  and  ondoobtedly  this  has  been  considered  by  the 
attthors  ol  these  papers. 

Then  in  the  design  of  leads,  bushings,  etc.,  the  details  must 
often  be  modified  to  take  care  of  weather  conditions.  In  trans- 
formers in  order  to  get  an  "ideal"  design  the  connections  may  be 
too  compUcated.  In  leads  or  insolators  consisting  of  a  large  num- 
ber of  mietal  parts  care  most  be  taken  that  the  "  moltigap  effect  " 
does  not  exist  as  in  the  well  known  lightning  arrester  of  that  name . 

The  condenser  lead  is  ideal  in  many  respects,  especially  at 
normal  condition;  though  the  practical  design  is  possible,  and  a 
fact,  it  is  not  as  simple  as  would  appear.  For  instance,  if  the  ca- 
pacities of  the  c>'linders  are  made  equal,  true  balance  is  not  approx- 
nnated,  as  each  cylinder  has  a  different  capacity  to  groimd  and  to 
the  center  terminal  or  tube.  These  to  ground  capacities  and 
to  lead  capacities  tend  to  neutralize  each  other,  but  can  not 
always  do  this  and  may  cause  concentration  of  flux  or  potential 
at  any  point. 

Regarding  insulators  built  as  in  Fig.  20  in  the  paper  on  '*  In- 
sulation *\  if  a  single  unit  gives  balance  or  equal  strain  the  com- 
bination of  equal  units  as  shown  cannot  possibly  do  this,  but 
potential  will  be  greater  on  some  units  than  on  others.  To  get 
equal  balance  not  only  must  the  flux  be  uniform,  but  the  total 
flux  must  be  the  same  on  each  tmit.  As  can  be  seen  for  the 
combination,  each  unit  has  a  different  capacity  to  ground  and  to 
line.  This  means  that  the  total  flux  is  not  the  same  on  all  tmits, 
and  therefore,  potential  is  not  equally  divided.  This  does  not 
condemn  the  design,  however,  but  such  a  combination  may  be 
worked  out  with  different  sizes  of  units  as  it  also  can  be  in  the 
commercial  insulator  of  today.  In  a  design  of  this  sort  the  high- 
frequency  multigap  effect  must  also  be  guarded  against.  That 
balance  can  not  exist  has  previously  been  shown  for  commercial 
insulators.*       ^ 

I  wish  to  say  again  that  these  papers  are  of  exceeding  interest 

^Electrical  Characteristics  of  the  Suspension  Insulator,  Transactions 
A.I.E.E.,  Vol.  XXXI  1912,  p.  907. 
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and  importance  because  they  bring  forcibly  before  engineers  the 
fact  that  a  consideration  of  the  dielectric  circuit  has  a  greater 
and  more  practical  sphere  than  that  of  the  pure  physicist 
and  mathematician,  and  that  it  must  be  considered  as  the 
magnetic  circuit  has  for  years  been  considered  by  practical 
engineers. 

A.  E,  Kennelly:  The  papers  before  us  are  not  only  important 
from  a  practical  standpoint,  but  they  also  indicate  defects  in  our 
working  theory  of  electrostatics. 

We  are  accustomed  to  say  that  air  breaks  down  between  par- 
allel plates  when  the  intensity  reaches  3000  volts  per  mm.,  or 
30,000  volts  per  cm.,  and  we  are  in  the  habit  of  thinking  of  it  in 
gradient  of  potential.  The  reason,  perhaps,  that  we  select  that 
method  of  expression,  is  that  we  have  a  unit  that  is  easily  ex- 
pressed;— i.«., volts,  and  the  inch  or  centimeter,  so  that  we  have 
a  unit  easy  to  apply.  But  it  is  equally  correct  to  say  that  air 
breaks  down  when  the  static  flux-density  exceeds  a  certain  criti- 
cal value.  That  is  a  very  important  generalization.  The  reason 
we  do  not  put  it  that  way  is,  perhaps,  because  we  have  no  name 
for  the  imit  of  electrostatic  flux  density.  We  have  a  unit  for  the 
magnetic  flux  density — the  gauss.  Personally  I  call  the  unit  of 
electric  flux  density  the  stat-gauss,  which  is,  of  course,  objec- 
tionable slang,  but  it  has,  at  least,  the  merit  that  it  is  self-explana- 
tory. It  would  seem  very  desirable  to  name  the  static  tmit  of 
flux  the  **  Kelvin  ",  to  correspond  to  the  maxwell.  It  would 
seem  very  proper  that  Lord  Kelvin 's  great  name  should  be  attached 
to  the  science  of  electrostatics  in  which  he  did  such  magnificent 
work.  If  we  assume  that  the  gradient  of  impressed  potential  in 
air,  which  produces  breakdown,  is  30,000  volts  per  cm.,  we  real- 
ize that  this  corresponds  exactly  to  100  stat-volts  per  cm.,  since 
the  static  volt  is  just  300  volts.  One  htmdred  stat-volts  per  cm. 
would  produce  in  air  a  flux  density  of  100  kelvins  per  sq.  cm., 
that  is  to  say,  the  critical  flux  density  producing  breakdown  in 
air  is,  by  the  foregoing  reasoning,  100  kelvins  per  sq.  cm. 

These  papers  may  he^  summed  up  by  saying  that  where  you  have 
two  insidators  associated  together,  their  contour  must  be  so 
selected  that  at  no  place  does  the  electrostatic  flux  leave  the  air 
to  go  into  the  other  medium  of  greater  speciflc  inductive  ca- 
pacity, because  if  it  does,  there  is  danger  of  producing  an  undue 
flux  density,  too  many  kelvins  per  sq.  cm.,  in  the  air,  tending 
to  overstress  it  and  break  it  down  locally. 

Philip  Torchio:  I  am  very  much  interested  in  these  two 
papers,  and  I  would  like  to  point  out  that  these  theorems  and 
their  application  are  not  confined  only  to  high  voltages,  in  the 
order  of  100,000  volts,  but  also  apply  to  very  moderate  genera- 
tor voltages  of  4000  volts  up  to  20,000  volts.  I  want  to  show 
several  effects  that  we  obtained  in  making  a  voltage  test  on 
dielectrics  in  series  with  air  as  applied  between  a  cable  insulated 
with  10/32  in.  (7.9  mm.)  of  rubber,  one  in.  (25.4  mm.)  of  air 
space  and  a  needle  point  motmted  on  a  ground  plate,  this  plate 
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and  the  conductor  being  respectively  connected  to  the  terminals 
of  the  transformer,  as  in  Fig.  3. 

When  we  applied  5400  volts  at  25  cycles,  Fig.  4,  the  needle 
point  became  luminous  with  corona.  At  13,000  volts,  Fig.  5,  the 
braid  also  became  luminous  at  the  point  opposite  the  needle.     At 
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Fig.  7—42,100  Volts 


27,700  volts  the  two  luminous  zones  grew  together,  and  discharge 
streamers  took  place  between  the  needle  point  and  the  braid. 
At  34,000  volts,  Fig.  6,  a  curious  phenomenon  occurred;  at  the 
bordcrsof  the  round  edges  of  the  plate,  at  about  two  in.  {50.4  mm.) 
separation  between  plate  and  braid,  two  separate  coronas  formed. 
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having  a  rounded  shape,  which  seemed  to  be  repelled  outward 
by  the  field  of  the  streamers  at  the  needle  point.  At  42,000  volts 
the  streamers  between  needle  points  and  braid,  Fig.  7,  were  very 
violent  and  also  occasional  streamers  took  place  between  border 
coronas.  In  this  case  the  cable  withstood  for  about  five  minutes 
42,000  volts  under  those  conditions  without  failure  and  then  the 
test  was  stopped.     In  other  cases  we  had  failures. 

I  have  also  an  interesting  set  of  photographs,  giving  a  photo- 
graphic record  of  this  corona  effect  at  very  moderate  voltages. 
These  photographs  will  be  found  accompanying  my  discussion 
of  Mr.  Lamme's  paper  of  last  January.  The  explanations  then 
given,  indicate  the  importance  of  overcoming  the  dangers  of 
corona  for  voltages  of  only  a  few  thousand  volts  when  air  is  in 
series  with  dielectrics  of  higher  specific  inductive  capacity. 

J.  Murray  Weed:  The  authors  of  these  papers  are  to  be  com- 
mended for  their  efforts  to  deal  in  a  scientific  manner  with  sub- 
jects in  which  the  development  of  design  practise  has  been  so 
largely  the  result  of  experimental  and  "  cut  and  try  "  methods. 
Scientific  treatment  is  to  be  sought  for  in  dealing  with  all  engineer- 
ing problems.  Some  of  these  problems  are  so  complicated,  how- 
ever, and  the  general  problem  of  insulation  is  emphatically  one 
of  them,  that  it  is  necessary  to  urge  the  utmost  caution  in  inter- 
preting the  dictates  of  theory.  This  caution  needs  to  be  exer- 
cised, not  only  in  connection  with  the  more  complicated  problems 
of  insulation,  but  the  danger  also  exists  of  making  errors  in  the 
interpretation  of  the  fundamental  laws  which  affect  the  results 
in  the  most  simple  cases,  such  as  the  parallel  wires,  and  the  ter- 
minal rod  and  concentric  ring,  dealt  with  in  the  paper  on  "Air 
as  an  Insulator  *'. 

I  cannot  agree  with  the  authors  in  the  statement  that  seems 
to  receive  most  emphasis  as  a  fimdamental  proposition  in  this 
paper,  i.e.y —  that  the  maximum  efficiency  of  air  path  over  the 
surface  of  a  solid  insulator  is  always  obtained  when  that  sur- 
face conforms  to  the  flux  lines  as  they  would  exist  if  the  insulator 
were  not  present.  Maximum  voltage  for  a  given  length  of  surface 
path  will  be  obtained  in  this  manner  in  a  imiform  field, (between 
parallel  planes),  but  not  in  the  field  of  the  parallel  wires,  or  of  the 
rod  and  torus. 

The  cylindrical  surface  recommended  for  the  parallel  wires,  as 
represented  by  the  bottom  line  of  the  cross-hatched  portion  of 
Fig.  9  of  the  paper,  and  the  surface  generated  by  the  revolution 
of  arcs  of  circles  for  the  rod  and  torus,  as  shown  in  Figs.  10  and 
11  of  the  paper,  may  be  made  more  efficient  by  flattening  out  the 
middle  portions  of  these  arcs,  and  using  smaller  radius  of  curvattire 
at  the  ends. 

Confining  our  attention  now  to  the  rod  and  torus,  the  explana- 
tion of  this  is  as  follows :  Referring  to  Fig.  8,  a  portion  of  the  ideal 
insulator  recommended  by  the  authors  has  been  removed,  giving 
a  more  nearly  conical  shape.  That  zone  of  the  field  between  the 
surfaces  a  and  b,  the  middle  portion  of  which  was  occupied  by 
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that  part  of  the  insulator  which  has  been  removed,  would,  if  the 
insulator  were  not  present,  be  most  intense  at  and  near  the  surfaces 
of  the  rod  and  ring.  The  substitution  of  the  solid  dielectric,  of 
imiform  specific  capacity,  throughout  this  zone,  with  surfaces 
conforming  to  the  original  flux  lines,  will  not  alter  the  distribution 
of  the  stress,  although  the  density  of  the  flux  will  be  multiplied 
by  the  specific  capacity  of  the  material.  As  stated  in  the  paper, 
the  strength  of  the  air  path  will  remain  unchanged.  It  will 
break  down,  however,  at  a  much  lower  voltage  than  that  corres- 
ponding to  the  ruptiuing  stress  in  the  middle  portion  of  this 
field,  the  rupttire  beginning  at  the  surfaces  of  the  rod  and  ring, 
and  extending  outward  as  more  of  the  total  stress  is  brought  upon 
the  intermediate  portions  of  the  field. 

If,  instead  of  filling  the  entire  zone  between  a  and  b  with  the 
solid  dielectric,  we  fill  only  those  portions  adjacent  to  the  rod  and 
ring,  where  the  stresses  were  greatest,  the  solid  dielectric  being 
in  series  in  the  flux  path  with  the  air 
ftirther  away  from  the  terminals, 
where  the  stresses  were  much  less,  the 
flux  density  in  the  zone  will  be  in- 
creased in  proportion  to  the  reduction 
in  the  total  reluctance  of  the  path. 
The  stress  in  that  portion  of  the  zone 
still  occupied  by  air  will  therefore  be 
increased,  but  its  maximum  value  may 
still  be  much  lower  than  was  the 
stress  at  the  surfaces  of  the  terminals 
before  the  solid  dielectric  was  inserted. 
Since  the  total  potential  difference 
between  the  terminals  does  not 
change,  the  stress  near  the  surfaces  of 
the  terminals  has  been  reduced  by  the 
insertion  of  the  solid  dielectric,  by  an 
amount  corresponding  to  its  increase 
in  the  air  in  series  with  it.     But  these 

statements  give  only  a  first  approximation  to  the  conditions 
which  actually  exist. 

This  solid  dielectric,  in  addition  to  being  in  series  with  air 
in  its  flux  path,  is  in  parallel  with  other  air  at  the  surfaces  of  the 
rod  and  ring  in  the  adjacent  flux  paths.  The  reduced  stress  in 
the  solid  dielectric  causes  it  to  absorb  some  of  the  flux  from  these 
adjacent  air  paths,  thus  tending  to  equalize  the  stresses  in  these 
paths  at  the  places  where  these  stresses  were  maximum. 

The  above  explanation  shows  how  a  modification  of  the  ideal 
shape  recommended  in  the  paper,  making  it  more  nearly  conical,  by 
the  actual  removal  of  some  of  the  material,  and  actually  shorten- 
ing the  length  of  the  air  path,  will  reduce  the  maximum  stress  in 
the  air,  and  increase  the  voltage  required  to  break  down  the  air 
path.  The  authors  have  shown  merely  how  to  place  solid  dielec- 
tric in  the  field  without  reducing  the  strength  of  the  air  path  over 
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its  surface,  whereas  it  is  possible,  by  a  modification  of  the  surface 
which  they  have  recommended,  to  make  a  large  increase  in  the 
breakdown  voltage,  though  the  length  of  the  path  over  the 
surface  is  reduced. 

For  the  purpose  of  proving  the  above  deductions,  the  following 
tests  were  made :  Insulators  were  turned  from  hard  rubber,  with 
dimensions  as  shown  in  Figs.  9  and  10.  Voltages  were  measured 
by  voltmeter  and  ratio  of  transformation,  with  a  very  close  approx- 
imation to  sine  wave  impressed.  Three  consecutive  tests  on  the 
insulator  in  Fig.  9  gave  52.5, 53,  and  52.5  kv.  respectively  over  the 
surface  of  3.5  cm.,  which  is  an  average  voltage  of  15.1  kv.  per  cm. 
In  like  manner,  three  consecutive  tests  for  the  insulator  of  Fig. 
10  gave  62 . 5, 62 . 5  and  62  kv.  over  the  surface  of  3.29  cm.     This 


Fig.  9 


Fig.  10 


average  voltage  per  cm.  was  19  kv.  or  about  25  per  cent  higher 
than  the  voltage  per  cm.  for  the  insulator  of  Fig.  9. 

Tests  were  also  made  on  the  insulators  of  Figs.  1 1  and  12,  of  same 
over-all  dimensions  as  those  of  Figs.  9  and  10,  the  length  of  air 
path  of  Fig.  11  being  3.63  cm.  and  that  for  Fig.  12  being  4.25  cm. 
The  average  total  breakdown  voltages  for  both  of  these  insulators 
was  the  same  as  for  Fig.  9. 

Some  explanation  is  due  for  the  extraordinarily  uniform  and 
high  results  obtained  in  these  tests.  The  fit  obtained  between 
the  ring  and  the  insulator  was  not  good,  and  in  a  preliminary  set 
of  tests  breakdown  occurred  at  about  half  the  voltages  recorded 
above,  and  was  preceded  by  the  formation  of  corona  at  the  joint 
between  the  ring  and  insulator.  It  was  intended  to  fill  the  crevice 
at  this  joint  with  paraffin,  and  repeat  the  tests,  but  in  the  mean- 
time some  tests  were  made  of  the  effect  of  a  copper  shield  on  one 
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end  of  the  rod,  by  redistribution  of  the  flux.  For  this  test  the  other 
end  of  the  rod  and  insulator,  to  a  point  midway  on  the  ring,  was 
immersed  in  oil.  Accidentally,  the  entire  insulator  was  dipped, 
thus  filling  all  the  crevices  with  oil,  which  was  held  in  the  crevices 
by  siuface  tension  after  one  end  of  the  insulator  was  brought 
above  the  oil  again.  The  test  gave  a  result  like  those  recorded 
above,  which  was  at  first  attributed  to  the  shield,  but  a  repeti- 
tion of  the  test  after  the  removal  of  the  shield  gave  practically 
the  same  results.  All  of  the  insulators  were  now  tested  in  this 
manner,  being  completely  immersed  in  oil  before  the  test,  and 
then  lifted  so  as  to  bring  one  end  of  the  insulator  and  part  of  the 
surrotmding  ring  above  the  surface.  The  oil  made  perfect  joints 
between  the  ring  and  rod  and  the  insulator,  eliminating  all  corona, 
and  giving  uniform  and  consistent  results. 
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Fig.   11 


Fig.  12 


No  improvement  was  obtained  with  these  insulators  by  the 
use  of  shields,  or  disks,  for  re-distributing  the  flux  at  the  surfaces 
of  the  rod  and  ring,  although  several  shapes  were  tried.  On 
the  other  hand,  some  of  the  shields  caused  the  breakdown  to 
occur  at  considerably  lower  voltages. 

In  these  tests,  it  was  noticed  that  the  oil  clinging  to  the  surface 
would,  during  the  test,  draw  up  about  the  rod,  on  top  of  the 
insulator,  into  a  slightly  elevated  cone.  In  my  opinion,  this  in- 
dicates a  more  nearly  ideal  form  for  the  surface  of  the  insulator. 
If  we  had  a  viscous  fluid  insulator,  free  from  the  effect  of  gravity, 
which  could  shape  itself  under  the  influence  of  the  electrostatic 
field,  we  should  sec  the  perfectly  ideal  form,  giving  the  most 
efficient  surface  for  any  given  terminals.  It  is  probably  im- 
practical to  determine  this  shape  analytically,  even  for  the  sim- 
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pier  cases,  but  I  would  define  it  in  a  general  way  by  saying  that 
it  will  be  obtained  from  the  insulator  conforming  to  the  flux 
Unes  in  air,  recommended  in  the  paper,  by  filling  more  of  that 
portion  of  the  field  where  the  stress  is  greatest  with  the  solid 
dielectric,  and  less  of  that  portion  where  it  is  least,  in  such  a  way 
as  to  obtain  as  nearly  as  possible  a  uniform  potential  gradient 
over  the  entire  siuf  ace.  This  will  require  an  artist,  with  a  good 
imagination,  and  the  results  of  his  work  must  be  tested  in  com- 
parison with  the  results  of  other  similar  efforts. 

No  one  can  be  more  in  favor  than  I  am  of  tising  analytical  and 
scientific  methods,  in  so  far  as  they  are  applicable,  in  the  design 
of  insulation  or  insulators.  It  is  my  opinion,  however,  that  this 
branch  of  engineering  must  continue  to  be  an  art  as  well  as  a 
science.  Analytical  methods  cannot  be  applied  directly  in  any 
but  the  most  simple  of  practical  cases,  as  thatof  grading  insulation 
for  cables.  They  may  be  used,  only  cautiously,  as  a  general 
guide,  in  more  complicated  cases. 

The  fundamental  error  that  has  been  pointed  out  above  began 
to  grow  in  this  paper  in  the  consideration  of  Figs.  2  and  5  of  the 
paper.  It  was  pointed  out  in  connection  with  these  figures  that 
higher  flux  densities  were  produced  at  the  stuf  ace  of  the  ball 
than  those  which  existed  before  the  ball  was  introduced.  It  was 
not  noted,  however,  that  over  a  portion  of  this  surface  the  flux 
density,  and  stress,  are  much  reduced.  It  should  have  been  sur- 
mised that,  if  it  is  possible  to  introduce  solid  dielectric  into  a 
uniform  field  in  such  a  way  as  to  increase  the  stress  at  some  points 
on  the  stuf  ace,  and  to  reduce  it  at  others,  it  may  be  possible  to 
do  the  same  thing  in  a  non-imiform  field,  making  the  reduction 
in  stress  in  that  part  of  the  field  where  the  stress  was  maximum, 
and  the  increase  in  that  part  where  it  was  minimum. 

In  their  argument  on  page  897,  the  author^  are  evidently 
thinking  of  a  tmiform  field,  and  some  particular  kind  of  surface, 
as  their  reasoning  here  is  not  at  all  general. 

There  are  some  other  points  in  this  paper  which  deserve  further 
consideration.  For  instance,  in  some  tests  which  I  have  made, 
the  projection  i?,  at  the  middle  of  the  spacing  strip  H  L,  in  Fig. 
7,  has  increased  the  breakdown  voltage  between  the  plates  about 
10  per  cent  above  that  obtained  with  straight  strips  (no  pro- 
jections). The  corresponding  increase  in  total  length  of  surface 
path  was  66  per  cent.  While  the  efficiency,  if  meastu^ed  in  aver- 
age voltage  per  tmit  length  of  the  path,  following  the  contour  of 
the  surface,  is  considerably  reduced,  the  voltage  which  can  be  ob- 
tained with  a  given  distance  between  plates  is  increased. 

The  inference  in  the  paper  that  surfaces  conforming  to  the  var- 
ious flux  lines  of  Figs.  9  to  11  (of  the  paper)  will  have  equal  effici- 
encies, wiU  evidently  not  hold.  The  voltage  gradient  will  be  most 
nearly  uniform,  for  instance,  along  the  straight  line  connecting  the 
centers  of  the  wires  in  Fig.  9.  The  imiformity  along  any  of  the 
other  lines  will  be  less  and  less,  as  we  pass  further  from  this 
straight  line,  that  is,  with  a  given  average  stress,  the  maximum 
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voltage  gradient  at  the  surfaces  of  the  wires  is  increased.  The 
average  voltage  per  unit  length  of  path  which  will  start  break- 
down of  the  air  over  the  siuf ace  of  the  insulator  will,  therefore, 
be  less  and  less,  the  further  the  surface  is  from  the  straight  line 
or  plane.  On  the  other  hand,  the  total  volts  required  to  produce 
breakdown  will  be  greater. 

The  results  obtained  from  tests  of  the  insulators  shown  in  Figs. 
15  and  22,  as  reported  in  the  paper,  while  striking,  are  easy  to 
understand.  The  great  length  of  tube  at  the  top  end  of  the  insu- 
lator, in  Fig.  15,  adds  a  relatively  small  amount  to  the  strength 
of  this  bushing,  since  as  soon  as  there  is  over-stress  over  the 
large  part  of  the  bushing,  from  the  tank  cover  to  the  lower  end 
of  this  tube,  a  discharge  will  take  place  to  this  point,  and  will 
then  travel  progressively  along  the  tube  with  relatively  small  in- 
crease in  voltage. 

In  the  case  of  the  insulator  shown  in  Fig.  22,  the  density  of 
the  dielectric  field  is  increased  at  the  siuf ace  of  the  torus  by 
the  increase  in  the  length  of  the  insulator,  and  also  by  the  metallic 
shield  above  the  insulator,  since  both  of  these  things  produce  an 
increase  in  the  flux  leaving  the  rod,  which  must  terminate  on  the 
ring,  without  any  reduction  in  the  reluctance  to  the  flux  at  the 
end  of  its  path  adjacent  to  the  ring.  Correct  design  must  make 
corresponding  reductions  in  the  reluctance  at  both  terminals,  and 
avoid  over-stressing  the  air  at  either  end,  or  at  any  point,  of  the 
flux  path. 

Considerations  such  as  those  given  above,  lead  to  a  better 
understanding  of  the  limitations  of  the  condenser  type  bushing, 
as  it  is  built.  The  layers  of  dielectric  are  so  thin  that,  if  the  sur- 
faces at  the  ends  of  these  layers  be  made  to  conform  to  the  shapes 
which  would  give  the  most  efficient  surface,  whatever  that  shape 
would  be,  the  length  of  the  leakage  path  is  altogether  too  short 
to  stand  the  voltages  for  which  they  are  designed.  This  makes  it 
necessary  to  extend  each  of  those  layers  a  considerable  distance 
beyond  the  end  of  the  metallic  layer  at  its  outer  surface,  but  it  is 
not  extended  at  the  end  of  the  flux  path  where  the  stress  is 
maximum,  i.e. — over  the  edge  of  the  outer  metallic  cylinder.  The 
increase  in  surface  is,  therefore,  altogether  out  of  proportion  to 
the  resulting  increase  in  the  total  strength  of  the  air  path. 

In  fact,  the  greater  these  extensions,  beyond  a  certain  limited 
amount,  the  worse  will  be  the  final  result  for  the  lead.  This  will 
be  tmderstood  when  it  is  considered  that  the  capacity  between  the 
intermediate  layers  of  these  leads  is  greater  than  that  between 
the  innermost  layers,  and  that  the  extension  of  the  varions  layers 
presents  additional  surface  for  electrostatic  flux  to  the  tank  and 
surrounding  objects.  The  flux  connecting  the  intermediate 
and  outer  layers  to  the  surrounding  objects,  added  to  that  passing 
through  the  outer  layers  themselves,  must  be  supplied  through 
the  smaller  capacity  of  the  inner  layers.  This  produces  higher 
voltages  across  the  inivcT  layers.  This  results  in  the  production  of 
corona  at  the  edges  oi  l\ves»^\ay^T^,^\v\Ocv\^  ^rvax^^V^  tVve  use  of 


1913]  DISCUSSION  AT  NEW  YORK  945 

the  very  large  shield  at  the  top  of  the  lead,  as  reported  by  the 
authors  of  the  paper. 

This  improvement  is  due  to  the  fact  that  the  shield  supplies 
the  flux  to  the  tank  and  surroundings,  which  otherwise  originates 
from  the  surface  of  the  lead.  If,  without  the  shield,  the  top  of  the 
lead  (innermost  layers)  were  not  overstressed  before  the  inter- 
mediate and  outermost  layers,  the  shield  would  afford  no  such 
benefit.  If  the  top  part  of  the  lead  were  understressed  as 
compared  with  the  bottom  portion,  the  shield  at  the  top  would 
be  a  positive  detriment. 

From  some  tests  which  I  have  made  on  a  condenser  type  lead, 
I  can  say  that,  though  the  voltage  distribution  across  the  various 
layers  of  this  lead  were  ideal  in  normal  operation,  it  may  be  far 
different  when  subjected  to  a  high-frequency  disttirbance.  In 
these  tests,  high  frequencies,  ranging  from  10,000  to  50,000 
cycles,  were  impressed  upon  the  lead.  With  about  100,000 
volts  across  the  entire  lead,  as  measured  by  a  sphere 
spark  gap,  the  voltage  across  the  outermost  layer,  measured  in 
the  same  manner,  was  40,000  volts.  The  average  voltage  per 
.  layer  across  the  eight  outer  layers  was  over  14,000  volts.  The 
average  voltage  over  the  intermediate  and  inner  layers  was  about 
5000  volts  per  layer,  becoming  rather  higher  for  the  inner 
layers.  The  arithmetical  sum  of  the  voltages  across  all  of  the 
layers  was  more  than  twice  the  voltage  measured  across  the 
entire  lead. 

Referring  now  to  the  paper  on  "  A  Theorem  of  Electrostatics  ", 
I  would  say  that  the  applications  made  of  the  theorem  referred  to 
are  very  interesting.  No  objection  can  be  made  to  the  forced 
distribution  of  potential  illustrated  in  Figs.  6  to  18,  except  that 
equivalent  results  may  be  more  economically  obtained  in  other 
ways. 

The  asstunption  that  a  uniform  field  between  parallel  disks 
may  be  made  to  articulate  with  a  field  radiating  from  a  cylinder, 
in  the  manner  described  in  the  paper,  with  reference  to  the  con- 
denser type  lead,  except  by  the  aid  of  conductors  connected  to 
an  external  source  of  potential,  is  erroneous.  This  will  be  under- 
stood if  we  stop  to  consider  that  under  these  circumstances  we 
would  have  two  fluxes  converging  upon  the  conical  surface  of 
division  between  these  two  fields,  i.e,,  that  of  the  uniform  field 
coming  downward  from  the  upper  disk,  and  that  of  the  logarithmic 
field  radiating  from  the  lead.  It  is  impossible  for  these  fluxes 
to  terminate  upon  this  surface  except  by  the  intervention 
of  conduction  supplying  aurent  from  outside  soiu'ces  of  the 
proper  potentials.  These  are,  of  course,  actually  present,  in  the 
form  of  the  metallic  layers  of  the  condenser  lead,  but  the  fact 
that  they  are  able  to  supply  this  extra  current  and  still  have  the 
correct  potential  distribution,  proves  that  this  potential  distri- 
bution would  not  be  right  without  the  shield  or  disk  at  the  top, 
which  calls  for  the  extra  ciurent.  This  merely  confirms  the  ex- 
planation given  in  my  discussion  of  tVie  otihet  pa^t,  \3waX.  "Ccl^ 
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voltages  across  the  inner  layers  of  the  lead  are  too  great  without 
the  disk. 

In  conclusion,  I  wish  to  say  that  I  thoroughly  appreciate  the 
serious  efforts  which  have  been  made  in  these  papers  to  place 
the  design  of  insulators  and  insulation  upon  a  rational  basis,  and 
I  do  not  wish  to  discount  their  value.  By  means  of  investiga- 
tions of  this  kind,  combined  with  careful  experimental  work, 
progress  will  be  made  in  the  ability  to  design  apparatus  success- 
fully and  economically  for  high  voltages.  Careful  study  will  show 
us,  however,  that  the  subject  is  by  no  means  so  simple  as  it  has 
appeared  in  the  presentation  of  these  papers. 

Harris  J.  Ryan  (by  letter) :  In  their  paper  on  "  Air  as  an  In- 
sulator when  in  the  Presence  of  Insulating  Bodies  of  Higher 
Specific  Inductive  Capacity  *',  Messrs.  Fortescueand  Famsworth 
have  isolated  and  well  exemplified  the  principle  that  determines 
the  proper  proportions  of  solid  high-voltage  instdations  so  that 
the  adjacent  atmosphere  will  not  be  overstressed.  This  principle 
is  applied  by  means  of  a  two-fold  expedient  as  follows: 

1 .  Beginning  with  air  as  the  insulating  medium  the  high- voltage 
electrodes  are  so  shaped  that  the  tubes  of  established  electric 
force  spread  a  minimum.  Thus  the  electric  field  is  made  to 
approach  imiformity  as  much  as  practicable,  and  the  maximum 
stress  in  the  air  is  kept  everywhere  at  a  minimimi. 

2 .  Between  the  electrodes  a  solid  dielectric  is  fitted  and  formed 
precisely  as  the  tubes  of  electric  force.  Such  solid  dielectric  is 
employed  for  a  double  purpose:  (a)  for  mechanical  support,  and 
(b)  to  eliminate  the  air  in  the  most  intense  portion  of  the  electric 
field  wherein,  if  it  remained,  it  would  be  overstressed. 

The  electric  field  in  the  solid  dielectric  is  greater  than  in  the 
air  displaced,  by  its  specific  inductive  capacity  as  a  multipljring 
factor.  The  voltage  stresses  have,  however,  nowhere  been  altered, 
so  that  the  electric  field,  through  the  air  surrounding  the  solid 
dielectric,  remains  unchanged  and  the  stresses  in  it  are  every- 
where the  same  with  as  without  the  presence  of  the  solid  dielec- 
tric. This  is  a  simple  expedient  and  the  results  are  correspond- 
ingly certain. 

We  now  know  that  a  number  of  available  solid  dielectrics 
possess  an  enormous  electric  strength,  (1,000,000  volts  per  cm.). 
Only  a  small  part  of  this  strength  can  ordinarily  be  utilized  in 
practise  on  account  of  the  necessary  presence  of  air,  moisture, 
oil  and  other  fluids  capable  at  comparatively  low  electric  stresses 
of  functioning  as  electrolytes,  i.e.,  as  ion  carriers.  Such  electro- 
lytic or  ionic  conduction  rapidly  destroys  the  solid  dielectric 
through  heat  and  moleciilar  erosion  and  not  by  electric  over- 
stress. 

We  are  much  indebted  to  the  authors,  who  have  imcovered  in 
simplest  terms  the  principle  that  controls  the  minimum 
stressing  of  the  troublesome  fluids  (gaseous  or  liquid)  in  which 
all  solid  high-voltage  insulators  must  be  immersed  to  do  their 
work. 


1913]  DISCUSSION  AT  NEW  YORK  947 

Fourteen  years  ago,  with  the  aid  of  Mr.  E.  F.  Scattergood,  use 
was  made  of  the  sectored  guard  surface  to  construct  at  Cornell  a 
90,000-volt  "  dry-insulated  ",  10-kw.,  125-cycle  transformer.  Up 
to  a  year  ago  this  transformer  was  in  regular  service  for  high- 
tension  testing  purposes  in  the  laboratory  where  it  was  built,  and 
it  may  be  in  use  at  the  present  time.  Compared  with  Mr.  For- 
tescue*s  thorough  and  effective  designs  for  insulating  very  high 
voltage  transformers  our  1899  effort  is  of  course  a  very  crude  one. 
However,  our  experience  taught  us  to  tmderstand  that  one  can 
depend  upon  the  sectored  guard  surface  to  reduce  all  intense 
electric  stresses  developed  in  very  high  voltage  transformers  to 
safe  working  values.  Other  work  at  the  time  demonstrated  to 
me  the  great  value  of  the  guard  surface  as  a  general  expedient  in 
high-voltage  insulation.  I  heartily  concur  in  the  author's  con- 
clusion that  "  the  principle  is  capable  of  wide  application,  and 
seems  to  afford  a  solution  of  some  of  the  most  perplexing  prob- 
lems confronting  electrical  engineers  ''. 

The  results  of  Mr.  Fortescue*s  own  work  as  given  in  this 
paper  abundantly  demonstrate  the  correctness  of  such  conclu- 
sion. 

C.  Fortescue :  A  number  of  important  questions  have  been 
brought  up  in  this  discussion.  Some  of  these  questions  indicate 
that  fiuther  investigation  along  certain  lines,  for  instance  on 
the  effect  of  high-frequency  electric  stresses  on  commercial  di- 
electrics, would  be  of  great  value.  Not  having  made  any  tests 
myself  on  the  effect  of  very  high  frequencies  on  such  materials 
as  are  commonly  used  for  insulating  purposes,  what  I  say  in  this 
respect  must  be  largely  based  on  theoretical  grounds. 

Replying,  then,  to  Mr.  Thomas's  first  question  as  to  the  effect 
of  frequency — ^if ,  as  is  assumed  in  the  joint  paper,  the  dielectric 
is  homogeneous  and  non-conducting,  the  stress  at  any  point  is 
derivable  from  a  potential  which  is  a  solution  of  Laplace's  equa- 
tion, provided  that  the  applied  potentials  are  constant.  When 
the  applied  potentials  are  periodic,  the  potential  is  no  longer  a 
solution  of  Laplace's  equation  and  the  line  integral  of  electric 
force  taken  round  a  closed  circuit  in  the  electric  field  will  not 
be  zero  as  in  the  case  of  a  steady  stress,  but  will  be  proportional 
to  the  rate  of  charge  of  the  line  integral  of  the  vector  potential 
taken  round  the  same  circuit.  This  relation  and  a  similar  one 
associating  the  line  integral  of  magnetic  force  round  a  closed 
circuit  with  the  rate  of  change  of  electric  displacement  through 
the  circuit,  are  the  relations  from  which  Maxwell  derived  his 
equations  for  the  propagation  of  electromagnetic  waves.  It  is 
evident,  therefore,  that  with  varying  potentials  the  potential  at  a 
point  will  not  be  a  single  valued  function  depending  only  upon 
the  potentials  of  surrounding  bodies,  as  in  the  case  of  steady 
potentials,  but  it  will  be  subject  to  a  time  variation,  or,  to  put  it 
another  way,  the  equipotential  surfaces  will  change  in  form 
during  the  cycle.  With  slow  cyclic  changes  in  potential  this 
effect  will  be  negligible,  but  with  very  high  frequencies  it  cannot 
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be  ignored.  Another  factor  that  is  negligible  at  commercial 
frequencies  but  becomes  of  great  importance  at  high  frequencies 
is  molecular  loss  in  the  dielectric.  With  sustained  high  frequency 
these  losses  may,  by  the  effect  of  local  heating,  ultimately  produce 
breakdown. 

The  proper  remedy  for  both  these  conditions  is  to  be  found  in 
the  method  of  designing  insulators  outlined  in  the  joint  paper, 
that  is,  to  so  design  the  insulator  as  to  have  as  near  uniform  stress 
as  possible  over  the  surface,  under  normal  conditions,  and  allow 
a  liberal  factor  of  safety  to  take  care  of  abnormal  stress  con- 
ditions. 

Replying  to  Mr.  Thomas's  second  question  as  to  the  effect  of 
external  bodies — the  remedy  appears  to  me  to  be  obvious, 
namely,  to  make  the  electrodes  of  the  insulator  of  such  a  form 
that  they  will  shield  the  surface  of  the  insulating  body  from  ex- 
ternal influence.  In  other  words,  the  electrodes  must  be  designed 
so  that  the  field  between  them  will  be  but  slightly  affected  by 
external  bodies.  In  some  cases,  as  for  instance  in  outlet  ter- 
minals, external  bodies  form  one  of  the  electrodes.  The  case 
cited  by  Mr.  Thomas  is  one  of  these  and  the  large  plane  on  top 
of  the  terminal  only  completes  the  design  of  the  terminal  accord- 
ing to  the  premises  assumed,  as  is  fully  explained  in  the  second 
paper. 

Regarding  the  matter  of  conduction  over  the  siu^ace,  which  is 
the  subject  of  Mr.  Thomas's  third  question,  I  have  observed  that 
soot  is  precipitated  from  the  atmosphere  wherever  there  is  corona. 
Corona  is  probably  present  under  working  conditions  in  nearly 
all  the  present  forms  of  commercial  insulators,  which  accounts 
for  conduction  over  the  surface  being  considered  of  so  much 
importance  in  these  designs.  It  may  be  well  to  add  that  corona 
itself  causes  conduction  and  therefore  in  such  insulators,  even 
when  free  from  dirt,  there  may  be  conduction  over  parts  of  the 
surface.  In  the  forms  of  insulators  discussed  in  the  first  paper 
corona  is  entirely  absent  up  to  the  breakdown  point.  Thus 
there  is  no  conduction  over  the  surface  due  to  corona  itself  and 
no  tendency  for  smoke  to  be  precipitated  over  the  surface  in 
the  form  of  soot.  The  test  piece  exhibited  has  been  tested  with 
three  months'  natural  deposit  of  Pittsburgh  dirt  and  its  strength 
was  unimpaired. 

The  presence  of  corona  will,  I  believe,  always  tend  to  weaken 
the  air  in  the  neighborhood  of  an  insulator,  and  therefore  should 
be  avoided  if  possible.  When  corona  is  present  in  an  insulator 
or  air  gap,  as  the  potentials  arc  increased  at  the  electrodes  the 
outer  surfaces  of  the  corona  formation  will  advance,  the  maximimi 
intensity  at  the  surface  of  the  formation  remaining  unchanged 
until  the  formation  reaches  a  certain  critical  point,  the  form  of 
the  electric  field  for  which  is  such  that  further  formation  cannot 
take  place  without  an  increase  in  the  flux  intensity;  this  is  the 
point  of  breakdown.  Even  at  this  point  arcing  may  not  actually 
take  place,  on  account  of  the  high  resistance  of  the  corona,  but 
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breakdown  is  manifested  by  the  presence  of  streamers  or  sparks 
passing  between  the  electrodes.  When  the  electric  field  is  nearly 
uniform  the  introduction  of  any  disturbing  element,  such  as 
that  illustrated  in  Fig.  7,  will  cause  breakdown  at  a  very  much 
lower  value  than  if  the  disturbing  element  were  absent.  This 
proposition  has  been  demonstrated  by  actual  tests. 

I  have  in  a  previous  part  of  this  discussion  shown  that  air 
insulators  of  the  type  under  discussion  may  be  designed  so  as  to 
be  inappreciably  affected  by  external  bodies.  By  way  of  answer 
to  the  latter  part  of  Mr.  Thomas's  discussion  it  may  be  well  to 
add  that  with  a  proper  design  and  suitable  factor  of  safety  there 
wotdd  be  less  likelihood  of  trouble  with  the  ideal  form  of  dis- 
tribution than  with  the  other. 

I  wish  to  say  in  reply  to  Mr.  Thomas's  last  question  that  there 
is  no  reason  why  a  million- volt  transformer  with  two  terminals 
of  opposite  polarity  shotdd  not  be  made.  The  transformer  de- 
scribed in  the  second  paper,  from  an  insulation  standpoint,  is 
the  equivalent  of  such  a  transformer.  The  point  I  wanted  to 
bring  out  in  this  paper  is  that  two  500,000-volt  transformers 
with  one  end  grounded,  is  a  better  proposition  for  a  test  room 
then  one  one-million- volt  transformer  with  terminals  of  opposite 
polarity,  because  the  majority  of  tests  are  made  with  one  end 
groimded,  and  with  the  first  proposition  two  transformers  are 
available  for  testing  piuposes.  These  two  transformers  when 
connected  in  series  in  the  primary  are  exactly  equivalent  to  the 
one-million- volt  transformer. 

Mr.  Mershon's  questions  as  to  the  effect  of  high  frequency, 
dirt  and  the  presence  of  neighboring  bodies,  are  answered  in  my 
reply  to  Mr.  Thomas's  questions. 

The  scheme  of  Fig.  3  referred  to  by  Mr.  Mershon  was  suggested 
by  Mr.  Chubb.  The  causes  of  the  discrepancies  in  the  results 
are  several;  possibly  one  of  them  is  that  suggested  by  Mr.  Mer- 
shon. Others  are  the  effect  of  the  sides  of  the  tank  and  the 
effect  of  the  ends  of  the  cylinder.  The  equipotential  surfaces 
given  are  only  a  first  approximation  to  the  true  surfaces  with 
an  infinitely  long  cylinder  passing  through  a  ring. 

I  am  glad  Mr.  Mailloux  called  attention  in  his  discussion  to  the 
great  gains  that  have  been  made  in  the  past  by  the  use  of  theory. 
The  remark  is  often  heard  that  practise  and  theory  do  not  agree. 
This  attitude  of  mind  is  so  ingrained  in  some  that  when  they  come 
across  such  a  case  of  apparent  disagreement,  instead  of  looking 
into  the  matter  and  finding  the  cause  of  it,  they  accept  it  as  a 
further  proof  of  the  unreliability  of  theory.  Whereas,  if  it  were 
early  instilled  in  the  minds  of  these  men  that  theory  and  practise 
are  not  antagonistic,  but  that  disagreement  between  them  is  the 
result  either  of  incorrect  observation  or  of  incorrect  or  incomplete 
premises,  far  greater  progress  would  be  made. 

I  think  with  Mr.  Peek  that  the  theory  of  electric  stresses  is 
generally  very  inadequately  presented  in  engineering  courses. 
Too  much  stress  is  laid  on  charges  and  distribution  of  charges 


950  INS  ULA  TION  [March  14 

when  potentials  and  distributions  of  potentials  are  the  deter- 
mining factors  in  practical  application. 

Messrs.  Thomas  and  Peek  lay  great  stress  on  the  possibilities 
of  disastrous  effects  due  to  high  frequency.  I  think  this  matter  of 
high-frequency  surges  is  a  good  deal  of  a  bogy.  The  number 
of  failures  of  transformers  attributed  to  high-frequency  surges 
that  have  come  within  my  observation  during  the  past  ten  years 
has  been  so  small  that  this  factor  has  not  appeared  to  me  to 
be  of  much  consequence  as  a  cause  of  failure.  However,  as  I  have 
already  pointed  out,  there  is  no  reason  why  an  insulator  or  trans- 
former designed  according  to  the  principles  given  in  the  two 
papers  should  not  at  the  same  time  be  capable  of  withstanding 
high-frequency  oscillations,  and  as  a  matter  of  fact  these  condi- 
tions are  taken  into  account  in  the  design. 

Mr.  Peek's  remarks  on  the  insulator  shown  in  Fig.  20  seem  to 
indicate  that  he  has  not  read  the  second  paper  carefully  or  else 
he  has  not  grasped  the  principle  stated.  Reasoning  from  Mr. 
Peek's  point  of  view  the  condition  for  equal  division  of  potential 
between  the  units  of  an  insulator  is  that  the  flux  leaving  each 
electrode  shall  be  the  same;  this  means  that  the  capacity  of 
each  electrode  to  ground  must  be  inversely  as  its  potential.  This 
condition  is  approximated  very  closely  if  the  high-potential  and 
ground-potential  electrodes  coincide  at  their  edges  with  two  large 
parallel  disks  as  shown  in  Fig.  20.  The  advantage  of  this  method 
of  obtaining  equal  distribution  of  potential  over  that  suggested 
by  Mr.  Peek  has  already  been  pointed  out  in  the  paper. 

Dr.  Kennelly's  remarks  as  to  the  importance  of  having  a 
name  for  the  electrostatic  unit  of  flux  are  very  interesting. 
When  dealing  with  alternating  stresses  it  is  always  necessary 
to  indicate  whether  maximum  or  root-mean-square  values  are 
intended.  This  ambiguity  would  not  exist  if  the  flux  density  were 
given  instead. 

In  reply  to  Mr.  Weed's  strictures  on  the  joint  paper,  I  wish  to 
say  that  it  was  not  the  intention  of  Mr.  Famsworth  and  myself 
to  give  out  as  a  fundamental  proposition  that  the  surface  con- 
forming with  the  flux  lines  that  would  exist  if  the  insulating 
body  were  removed  gives  maximum  efficiency.  The  investiga- 
tion was  undertaken  to  show  that  the  breakdown  voltage  over 
the  surface  of  an  insulator  depends  on  the  strength  of  air.  The 
authors  came  to  the  conclusion  that  creepage  actually  existed 
in  most  insulators  on  account  of  corona  set  up  at  the  surface  of 
the  insulator  due  to  the  deflection  of  the  flux  from  the  air  into 
the  insulator.  The  natural  remedy  for  this  is  to  make  the  surface 
of  the  insulator  conform  to  the  flow  lines  that  would  exist  in 
air  alone  between  the  two  electrodes.  By  properly  shaping  the 
electrodes  the  breakdown  path  may  be  made  very  efficient.  I  a- 
gree  with  Mr.  Weed  that  slight  changes  from  this  form  may  some- 
times result  in  slightly  higher  efficiency,  but  on  the  other  hand  a 
radical  change  will  result  in  lower  efficiency.  If  the  electrodes 
are  shaped  to  give  a  good  field,  then  the  surface  conforming  to 
the  flow  lines  will  conform  very  closely  to  the  best  form. 
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It  would  take  too  long  to  discuss  all  the  points  brought  up  by 
Mr.  Weed,  particularly  since  the  greater  part  of  them  are  based 
on  a  misunderstanding  of  the  object  ot  the  paper.  There  is  one 
point,  however,  in  his  discussion  of  the  joint  paper,  that  should  be 
answered,  and  that  is  his  report  of  a  test  he  made  to  determine 
the  truth  of  the  statement  as  to  Fig.  7  of  our  paper.  The  plain 
strip  used  by  him  should  give  a  breakdown  value  equal  to  that 
between  the  plates  when  only  air  is  present,  otherwise  the  results 
are  valueless.  I  do  not  think  Mr.  Weed's  tests  are  as  conclusive 
as  he  seems  to  consider  them.  Other  observers  independently 
of  ourselves  have  obtained  results  that  agree  with  otir  conclusions. 

Mr.  Weed's  remarks  about  the  condenser  type  terminal  are 
merely  a  recapitulation  of  what  has  been  said  in  the  two  papers 
in  a  more  general  way.  I  do  not  think  Mr.  Weed  can  have  read 
over  the  second  paper  with  care,  otherwise  he  would  not  have 
found  any  such  assumption  as  he  indicates  in  the  paragraph 
preceding  the  last  in  his  discussion.  It  is  particularly  pointed 
out  in  this  paper  that  in  order  to  obtain  the  proper  conditions 
of  stress  in  a  condenser  type  terminal  the  edges  of  the  high-poten- 
tial and  ground-potential  cylinders  must  be  on  two  infinite  parallel 
planes,  but,  as  pointed  out  in  the  paper,  even  then  the  conditions 
will  not  be  ideal,  on  account  of  the  number  of  steps  being  finite, 
but  practically  the  division  of  potential  will  be  uniform  at 
ordinary  frequencies.  The  reliability  of  the  condenser  terminal 
has  been  conclusively  proved  in  service. 
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RADIOACTIVITY 


BY  EDWIN  PLIMPTON  ADAMS 


LECTURE  I 

The  science  of  radioactivity  has  now  reached  a  stage  in  its 
development  at  which  we  can  speak  of  it  with  a  good  deal  of 
confidence.  Among  those  who  feel  a  keen  interest  in  the  recent 
developments  of  science,  but  who  have  not  had  time  to  follow 
them  in  detail,  and  it  is  to  such  that  I  was  asked  to  address  these 
lectures,  there  is  a  rather  prevalent  feeling  that  the  discoveries 
in  this  branch  of  physics  and  chemistry  have  been  of  a  revolu- 
tionary character.  One  often  hears  the  opinion  expressed  that  the 
discoveries  in  radioactivity  have  completely  overthrown  many 
of  the  theories  that  we  had  come  to  look  upon  as  firmly  estab- 
lished. In  particular,  I  have  often  been  asked  about  the  validity 
of  the  principle  of  the  conservation  of  energy — the  fundamental 
principle  of  the  physical  sciences — in  the  light  of  the  phenomena 
of  radioactivity.  Can  we  still  build  upon  that  principle?  What 
I  shall  attempt  in  these  lectures  is  to  show  how  far  our  old  notions 
of  the  constitution  of  matter  are  still  valid,  what  modifications 
we  must  make  in  them,  and  where  the  physical  sciences  stand  at 
present  in  the  light  of  the  discoveries  that  have  been  made  during 
the  17  years  that  have  elapsed  since  the  discovery  of  radioactive 
phenomena.  I  hope  to  succeed  in  showing  you  that  the  results 
that  have  been  obtained  are  much  more  constructive  than  destruc- 
tive in  their  effect  upon  our  views  as  to  the  constitution  of  matter. 
Instead  of  being  revolutionary  in  their  tendency  they  lead,  viewed 
in  a  certain  way,  to  a  logical  development  of  the  physical  sciences; 
for  these  discoveries  give  us  information  about  the  interior  struc- 
ture of  the  atom  about  which  everything  was  largely  conjecture. 
We  are  only  at  the  beginning  of  what  is  bound  to  lead  to  a  much 
ftiller  conception  of  atomic  structure.    The  foundation  for  it  has 

953 


954  ADAMS:  RADIOACTIVITY  {March  19 

been  built  up,  and  it  is  this  foundation  that  I  wish  to  describe  to 
you. 

The  discovery  of  the  property  of  radioactivity  may  be  said 
to  have  had  its  inception  in  the  discovery  by  Rontgen,  in  1896, 
of  the  rays  which  bear  his  name.  Guided  by  the  similarity  be- 
tween the  greenish  yellow  luminescence  observed  on  the  walls  of 
a  Rontgen  ray  bulb  when  the  rays  are  produced  and  the  greenish 
phosphorescence  of  certaiil  uranium  compounds  after  exposiu'e 
to  light,  Becquerel  sought  a  connection  between  these  two  phe- 
nomena. In  the  course  of  his  experiments  Becquerel  found  that 
uranivun  and  its  compounds  produced  effects  very  similar  to  those 
of  the  Rontgen  rays — namely,  a  photographic  plate  completely 
shielded  from  ordinary  light,  by  covering  with  black  paper,  was 
affected  when  the  uranium  was  brought  near  in  the  same  way 
that  it  would  have  been  if  exposed  to  ordinary  light ;  and  further- 
more, the  air  in  the  neighborhood  of  the  iiranium  became  a  con- 
ductor of  electricity.  But  there  is  one  striking  difference  be- 
tween the  effects  produced  by  these  two  agents.  For  the  Rdntgen 
rays  to  produce  them  there  must  be  a  continuous  supply  of 
energy  from  outside  to  keep  the  electrical  discharge  in  the  bulb; 
while  the  production  of  these  effects  by  the  uranivun  was  found  to 
depend  in  no  way  upon  previous  illumination  or  any  other 
external  source  of  energy. 

Becquerel  thus  discovered  a  new  property  of  matter — the 
property  of  radioactivity,  and  it  was  an  important  question  to 
determine  whether  this  property  was  exhibited  by  other  sub- 
stances than  uranium  and  its  compounds. 

In  the  first  place  it  must  be  shown  how  the  radioactivity  of 
different  substances  may  be  compared.  The  property  which  is 
generally  made  use  of  for  this  purpose  is  that  of  rendering  air  a 
conductor  of  electricity.  As  the  currents  to  be  measured  are 
very  small,  smaller  than  can  be  measured  by  a  galvanometer, 
some  form  of  electrometer  is  employed.  The 
simplest  is  the  gold  leaf  electroscope. 

Let  A  and  B  be  the  plates  of  a  condenser  of    ............ ....^ a 

capacity  C.  A  known  amount  of  the  radio- 
active substance  is  spread  on  ^ .  If  charged 
to  a  difference  of  potential  V  the  quantity  of 
electricity  on  one  of  the  plates  is  C  V.  The 
current  flowing  between  the  plates  is 

r   dV 
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Suppose  that  over  a  certain  range  of  motion  of  the  gold  leaf  it  is 
known  that  a  fall  in  its  potential  of  a  volts  corresponds  to  a  fall 
through  d  degrees.  Then  a  fall  through  </>  degrees  in  a  second 
will  correspond  to  a  current 

a  C    , 

*  =  -r* 

The  electric  current  through  the  air  does  not  obey  Ohm's  law, 
but  exhibits  the  phenomenon  of  saturation;  i.e.,  as  the  difference 
of  potential  is  increased  from  0,  the  current  first  increases  nearly 
proportionately  to  the  potential,  rising  to  a  nearly  constant 
value  which  it  keeps  imtil  the  difference  of  potential  is  sufficient 
for  a  discharge  to  take  place.  As  long  as  the  difference  of  poten- 
tial is  greater  than  a  certain  value  (100-200  volts  in  usual  cases) 
the  currents  measured  in  this  way  will  be  nearly  the  same  over 
a  very  wide  range  of  potential  difference. 

Now  Becquerel  foimd  that  the  activity  of  the  different  com- 
pounds of  uraniiun  was  proportional  to  the  amount  of  uranium 
contained  in  them.  If  the  activity  of  metallic  uranium  be  taken 
as  unity,  then  the  activities  of  the  iiranium  compounds  will  be 
expressed  by  numbers  less  than  imity. 

Of  the  elements  known  at  that  time,  only  one  other  was  found 
to  have  radioactive  properties.  Schmidt  and,  independently, 
Madame  Ciuie,  found  that  thorium  and  its  compounds  were 
radioactive. 

Madame  Curie's  discovery  of  the  radioactivity  of  thorium  was 
made  in  the  course  of  a  systematic  investigation,  first,  of  all  the 
known  elements  it  was  possible  to  secure,  and  then  of  a  large 
number  of  minerals  and  rocks.  She  f  oimd  that  the  activity  of  the 
uranium  minerals  was  larger  than  was  to  have  been  expected 
from  their  uranitun  content.  Thus  a  certain  specimen  of  pitch- 
blende, an  oxide  of  uranium,  had  an  activity  nearly  four  times 
that  of  metallic  uranium.  An  obvious  deduction  from  this  dis- 
covery was  that  these  minerals  contained  one  or  more  hitherto 
imknown  substances,  in  minute  proportions  to  have  escaped  dis- 
covery by  chemical  analysis  and  of  correspondingly  high  radio- 
activity. 

The  method  employed  by  Madame  Curie  to  test  this  hypothesis 
was  to  subject  a  large  quantity  (one  ton)  of  the  residues  from  the 
mineral  pitchblende,  after  the  uranium  had  been  extracted,  to 
chemical  analysis.    It  was  found  that  the  radioactivity  of  these 
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residues  was  four  times  as  great  as  that  of  metallic  uranium,  from 
which  it  was  concluded  that  the  greater  part  of  the  conjectured 
substance  was  contained  in  them.  In  brief,  the  method  of  attack 
consisted  in  measuring  the  activity  of  all  tho  products  of  a 
chemical  separation  in  order  to  find  which  one  of  them  included 
the  looked-for  substance.  This  one  was  then  subjected  to  further 
separation  and  the  process  continued.  The  difficulties  in  this 
procedure  were  great,  for  owing  to  the  phenomenon  of  induced 
or  excited  radioactivity,  of  which  more  will  be  said  later,  there 
was  some  uncertainty  in  the  earlier  stages  of  the  separation  as  to 
which  product  contained  the  radioactive  substance;  and,  in 
addition,  it  was  found  that  there  were  several  unknown  sub- 
stances, strongly  radioactive,  of  different  chemical  behavior, 
which  complicated  the  search  very  considerably.  But  we  shall 
see  that  all  these  substances  are  closely  related  so  that  for  the 
present  it  will  be  sufficient  to  speak  of  only  one  of  them. 

It  was  finally  found  that  the  product  of  separation  containing 
the  barium  was  enormously  more  active  than  any  of  the  other 
products.  No  chemical  method  of  making  a  further  separation 
could  be  found,  and  so  recourse  was  had  to  an  assumed  difference 
in  solubility  between  the  barium  salt  and  the  unknown  substance. 
From  a  solution  of  two  different  substances  that  one  of  less  solu- 
bility will  crystallize  first.  The  barium  in  the  form  of  barium 
chloride  was  allowed  to  crystallize  and  the  first  crystals  formed 
were  found  to  be  decidedly  more  active  than  those  found  later. 

One  of  the  characteristics  of  an  element  is  the  possession  of  a 
definite  spectrum.  When  this  very  active  barium  chloride  was 
examined  spectroscopically  before  the  fractional  crystallization 
began,  only  the  lines  due  to  barium  appeared.  As  the  process 
of  fractional  crystallization  proceeded  new  lines  appeared,  the 
barium  lines  grew  fainter,  until  after  a  number  of  crystallizations 
the  original  barium  spectral  lines  had  disappeared,  and  a  new 
spectrum  had  taken  their  place.  This  in  itself  was  sufficient  to 
prove  the  discovery  of  a  new  element,  to  which  the  name  radium 
was  given. 

From  a  ton  of  the  original  material  120  milligrams  of  radium 
chloride  were  obtained  in  the  way  indicated.  Its  activity  was 
estimated  by  Madame  Curie  at  about  a  million  times  that  of 
uranium.  Madame  Curie  also  succeeded  in  determining  the 
atomic  weight  of  the  new  clement  radium.  The  first  number 
obtained,  225,  has  been  corrected  by  more  recent  work,  so  that 
now  226.4  is  accepted  as  the  atomic  weight  of  raditim,  taking 
oxygen  *  16. 
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There  being  a  greater  diflFerence  in  the  solubilities  of  radium 
and  barium  bromides  than  of  their  chlorides,  radium  is  now 
generally  prepared  in  the  form  of  the  bromide. 

Madame  Curie  and  Debieme  have  lately  been  successful  in 
isolating  the  metal  radium  itself  by  electrolysis  with  a  mercury 
cathode,  thus  forming  a  radium  amalgam.  This  amalgam  was 
then  distilled  in  an  atmosphere  of  hydrogen.  The  mercury  was 
completely  driven  off  at  a  temperature  of  700  deg.  and  the  re- 
maining substance,  practically  pure  radiiun,  had  a  shining  white 
metallic  luster.  It  rapidly  turned  black  in  air,  and  decomposed 
water.  Chemically  its  behavior  was  thus  similar  to  that  of 
metallic  barium. 

We  have  now  traced,  very  briefly,  the  processes  leading  to  the 
discovery  of  this  new  element  radium,  and  we  must  now  study 
the  physical  properties  of  it  in  greater  detail.  We  have  seen  that 
one  of  its  most  striking  properties  is  that  of  rendering  the  air 
surrounding  it  a  conductor  of  electricity.  It  will  therefore  be 
well  to  preface  this  study  by  a  brief  resum^  of  the  theory  of 
ionization  of  gases. 

A  gas  in  its  normal  condition  is  a  non-conductor  of  electricity. 
It  may  be  made  a  conductor  by  various  agents,  among  others, 
the  passage  through  it  of  Rontgen  rays,  of  ultra-violet  light,  and, 
we  have  seen,  by  radioactive  substances.  But  it  was  through 
the  study  of  the  electric  discharge  in  vacuum  tubes  that  our 
knowledge  of  the  way  in  which  gases  become  conductors  of 
electricity  came;  and  to  Sir  Joseph  J.  Thomson  belongs  the 
credit  of  having  developed  a  consistent  theory  which  has  proved 
of  the  greatest  service  in  all  the  recent  developments  of  electric 
theory. 

The  leading  idea  in  Thomson's  theory  is  that  negatively 
charged  corpuscles — or  electrons — are  shot  out  from  the  cathode ; 
that  these  corpuscles  by  their  collisions  with  the  neutral  molecules 
of  the  gas  ionize  them;  that  is,  split  them  up  into  positive  and 
negative  parts;  the  positive  ions  travel  towards  the  negative 
electrode,  the  cathode,  and  the  negative  ions  towards  the  posi- 
tiK/»,  electrode,  the  anode.  We  thus  have  a  double  transport  of 
electricity  through  the  gas — positive  electricity  in  one  direction 
and  negative  electricity  in  the  opposite  direction.  This  consti- 
tutes an  electric  current,  flowing  in  the  direction  of  the  positive 
ions.  The  path  of  the  cathode  rays,  the  stream  of  corpuscles 
shot  out  from  the  cathode,  is  made  visible  by  the  light  which  is 
produced  in  the  ionization  of  the  gas  molecules,  and  there  is  also 
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a  greenish  yellow  luminescence  produced  where  the  corpuscles 
strike  the  walls  of  the  tube.  An  obstacle  placed  in  the  path 
of  the  cathode  particles  casts  a  shadow  on  the  walls  of 
the  tube.  By  placing  a  diaphragm  with  a  small  opening  in  front 
of  the  cathode,  a  narrow  beam  of  the  cathode  rays  may  be 
separated.  When  a  magnet  is  brought  near,  the  beam  is  deflected 
in  the  direction  that  a  stream  of  negatively  charged  particles 
shot  out  from  the  cathode  shotdd  be.  The  negative  charges 
carried  by  these  corpuscles  may  also  be  demonstrated  by  bending 
the  beam  into  a  vessel  connected  to  an  electrometer  which  be- 
comes negatively  charged.  In  short,  every  test  that  may  be 
applied  shows  that  the  cathode  rays  are  a  stream  of  negatively 
electrified  corpuscles.  The  cathode  particles  have  one  striking 
property  which  at  first  caused  many  investigators  to  doubt  their 
material  nature.  This  is  their  ability  to  penetrate  thin  sheets  of 
metal  and  other  substances.  But  now  that  we  know  their  very 
high  velocity,  this  property  is  not  so  surprising.  The  sudden 
increase  in  the  electric  current  through  a  gas  which  occiu^  when 
the  potential  difference  rises  to  a  certain  value,  the  "  sparking 
potential/*  receives  a  ready  explanation  in  this  theory.  The  ions 
produced  from  the  gas  molecules  are  under  the  influence  of 
the  electric  field.  If  the  electric  field  is  strong  enough  it  will  give 
the  ions  a  sufficiently  high  velocity  so  that  they  become  ionizing 
agents  themselves — producing  fresh  ions  by  their  collisions  with 
the  molecules  of  the  gas. 

The  real  confirmation  of  the  hypothesis  of  the  material  natin"e 
of  the  cathode  particles  was  furnished  by  actual  measurements 
of  their  velocity,  the  charges  they  carry,  and  their  mass.  As  the 
same  methods  have  since  been  employed  in  the  study  of  the 
radiations  from  radioactive  substances,  we  may  well  devote  a 
little  time  in  considering  the  principles  involved  in  such  measiu'e- 
ments. 

Let  us  suppose  that  we  have  a  corpuscle  of  mass  m,  charged 
with  e  units  of  electricity  and  moving  in  a  straight  line  with  uni- 
form velocity  V.  As  proved  by  Rowland's  classic  experiment,  a 
charged  body  in  motion  is  equivalent  to  an  electric  current.  Sup- 
pose that  a  magnetic  field  of  intensity  H  is  set  up  in  a  directton 
at  right  angles  to  the  motion  of  the  corpuscle.  If  there  were  an 
electric  ctirrent,  i,  flowing  along  a  wire  in  the  path  of  the  corpuscle, 
we  know  that  on  each  element  of  length  ds  of  the  current  there 
would  be  a  mechanical  force  H  i  ds,  this  force  being  perpendicu- 
lar both  to  ds  and  H.     The  current  element  i  ds  is  to  be  replaced 
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by  the  product  of  the  charge  and  its  velocity,  e  v.  So  that  the 
force  acting  on  the  corpuscle  at  right  angles  to  v  is  H  e  v.  The 
acceleration  normal  to  the  velocity  is  v^/p  where  p  is  the  radius 
of  curvature,  or  in  our  case  the  radius  of  the  circle  into  which  the 
path  of  the  corpuscles  is  bent.    We  thus  have 

H  ev  = (1) 

Let  us  next  suppose  that  an  electric  field  of  intensity  X  is  set 
up  parallel  to  the  magnetic  field,  at  right  angles  to  v  and  to  H, 
This  exerts  a  force  e  X  on  the  corpuscles,  and  by  varying  X  we 
can  make  this  force  just  balance  the  force  exerted  by  the  magnetic 
field  so  that  the  corpuscle  will  be  undeflected.  We  then  have 
Hev  =  e  X 

or  v  =  -jj-  (2) 


which  determines  the  velocity  of  the  corpuscles,  and  by  (1) 

e  X 

m         IP  p 


(3) 


which  determines  the  ratio  of  the  charge  to  the  mass  of  the  cor- 
puscle. In  these  expressions  X  and  H  may  be  determined  by 
the  usual  methods  of  measuring  electric  and  magnetic  forces. 
To  determine  p,  it  is  necessary  to  measure  the  displacement  of 
the  spot  of  light  made  by  the  narrow  beam  of  cathode  rays 
on  a  phosphorescent  screen  when  the  magnetic  field  is  applied; 
by  geometry  the  radius  of  the  circular  path  may  then  be  found. 

The  velocity  of  the  cathode  particles  foimd  in  this  way  was 
as  high  as  1.2  X  10^®  cm.  per  second,  roughly  one  third  the 
velocity  of  light.  Probably  the  most  accurate  value  of  e/m 
found  by  this  method  is  1 .8  X  10^  when  the  charge  is  measured 
in  electromagnetic  units.  It  is  interesting  to  compare  this  with 
the  ratio  e/nt  for  the  charge  carried  by  a  hydrogen  atom  in  the 
electrolysis  of  water.  Let  N  be  the  number  of  molecules  in 
one  cu.  cm.  of  gas  at  0  deg.  cent,  and  at  760  mm.  of  mercury.  If  e 
is  the  charge  on  an  atom  of  hydrogen  2  N  eis  the  whole  charge  in 
one  cu.  cm.  One  electromagnetic  unit  of  electricity  liberates 
1.04  X  10"*  grams  of  hydrogen.  If  w  is  the  mass  of  hydrogen 
atom  2fn  N  is  the  mass  of  one  cu.  cm.  of  hydrogen.    So  that 

-^  =  9.6  X  10» 
tn 
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We  shall  show  that  there  is  strong  reason  for  believing  that 
the  charge  on  a  corpuscle  is  the  same  as  the  charge  carried  by 
an  atom  of  hydrogen  in  electrolysis.  The  mass  of  the  hydrogen 
atom,  which  was,  up  to  the  time  of  the  discovery  of  corpuscles, 
the  smallest  mass  known,  is  thus  seen  to  be  about  1800  times 
greater  than  the  mass  of  a  corpuscle. 

Measurement  of  the  Charge  Carried  by  Ions 

We  have  seen  that  the  cathode  particles  have  the  power  of 
ionizing  gases  through  which  they  pass.  This  process  consists 
in  the  splitting  up  of  an  atom  or  molecule  into  a  positively  and  a 
negatively  charged  ion.  Now  it  was  discovered  by  C.T.R.  Wilson 
that  these  ions  act  as  centers  of  condensation  for  water  vapor. 
In  perfectly  dust-free  air,  saturated  with  water  vapor,  no  cloud 
of  water  drops  will  form  imless  the  air  is  suddenly  cooled 
by  an  expansion  to  something  like  eight  times  its  initial  volume. 
But  if  dust  is  present  very  much  smaller  expansions  will  suflSce 
to  produce  a  visible  cloud  on  expansion.  Wilson  discovered  that 
in  dust-free  ionized  air  sudden  expansion  to  1.25  the  original 
volume  was  sufficient  to  produce  a  cloud  in  the  air,  each  ion 
presumably  becoming  the  nucleus  of  a  water  drop.  These  drops 
fall  under  gravity  and  their  rate  of  fall  may  be  determined  from 
the  rate  of  subsidence  of  the  top  of  the  cloud  after  the  expansion 
has  taken  place.  A  calculation,  by  Stokes,  gives  as  the  rate  of 
fall  of  a  sphere  in  a  fluid 

2  ga^  p 


9       M 

g  being  the  acceleration  due  to  gravity,  a  the  radius  of  the  drop, 
/x  the  coefficient  of  viscosity  of  the  fluid,  air  in  our  case,  and 
p  the  density  of  the  sphere.  This  expression  thus  enables  us  to 
determine  the  radius  of  the  water  drops.  The  whole  volume,  g, 
of  the  water  vapor  deposited  per  unit  volume  may  easily  be 
determined  by  thermodynamical  methods;  and 

4  , 

2  =  ^  »  TT  a' 

where  n  is  the  number  of  drops  per  unit  volume.  This  enables 
us  to  determine  n,  which,  if  we  assimie  that  each  ion  acts  as  a 
nucleus  for  one  drop,  gives  us  the  number  of  ions  per  cubic 
centimeter.    The  total  charge  carried  by  all  the  ions  of  one  sign 
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may  be  determined  by  measuring  the  current  through  the  air 
when  a  potential  difference  is  applied ;  then  the  charge  on  a  single 
ion  is  deduced  at  once. 

This  method  was  modified  by  H.  A.  Wilson  so  as  to  eliminate 
many  of  the  uncertainties  inherent  in  Thomson's  original 
method.  The  cloud  was  produced  between  the  plates  of  a  parallel 
plate  condenser  and  the  rate  of  motion  of  the  top  of  it  observed 
alternately  when  under  the  influence  of  gravity  only,  and  when 
in  addition  an  electric  field  was  applied.  The  force  on  the  drop 
due  to  the  electric  field  \s  X  e  and  due  to  gravity 

4  ,  V 

V\  is  the  velocity  when  an  electric  force  is  applied;  v,  with  no 
electric  force. 

^    gp         Xv 

Another  modification,  in  which  the  motion'^of 'a  single  drop  is 
watched,  was  made  by  R.  A.  Millikan,  and  the  results  of  hismea- 
siu^ments  are  probably  the  most  accurate  that  we  have.  In  the 
two  methods  we  have  sketched  the  cloud  must  be  observed  im- 
mediately after  its  formation,  since  it  rapidly  disappears  by  evap- 
oration. Millikan  used  oil  drops,  formed  by  means  of  an 
atomizer  and  blown  into  a  chamber  from  which  they  dropped 
through  an  opening  into  the  space  between  the  plates  of  a  parallel 
plate  condenser.  This  space  could  be  made  airtight  after  a  drop 
'  had  fallen  into  it  so  as  to  prevent  air  currents  disturbing  the 
motion  of  the  drop.  The  oil  drop  was  specially  illuminated  and 
was  observed  through  a  telescope.  In  its  formation  the  drop 
became  charged  with  f  rictional  electricity  so  that  its  motion  cotdd 
be  controlled  by  the  electric  field  in  the  air  condenser.  The 
evaporation  from  it  was  so  small  that  a  single  drop  cotdd  be 
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observedjfor^several^hours.  An  ionizing  agent,  Rontgen  ray's  or 
radium  rays,  acted  on  the  air  in  the  condenser  and  the  oil  drop 
occasionally  picked  up  an  ion.  The  instant  it  did  so  its  motion 
suddenly  changed,  and  from  the  change  in  its  motion  the  magni- 
tude and  sign  of  the  charge  it  had  picked  up  coidd  be  found.  In 
addition  to  the  more  accurate  method  of  observing,  Millikan 
employed  a  correction  to  Stokes's  formula  for  the  rate  ot  fall  of  a 
sphere  in  air  which  was  developed  by  Cunningham  for  the  case 
of  very  small  spheres.  The  results  of  Millikan's  experiments 
were  that  the  charges  on  the  oil  drops  were  always  exact  multiples 
of  an  elementary  charge,  that  is,  the  oil  drop  picked  up  one  or 
more  of  these  elementary  charges.  Its  magnitude  was  found 
to  be  €  =  4 .  774  X  10~*^  in  electrostatic  units. 

We  have  seen  that  detenninations  of  the  velocity  and  the  ratio 
e/nt  have  been  made  directly  on  the  corpuscles  forming  the  cathode 
rays.  On  the  other  hand  detenninations  of  e,  the  elementar)* 
charge,  have  been  made  only  on  ions,  both  positive  and  negative, 
which  are  formed  by  various  ionizing  agents.  The  e\'idence  that 
the  cathode  particles  carry  this  elementary  charge  is  jjerhaps  not 
conclusive,  but  the  fact  that  the  ratio  e/nt  is  found  to  be  the  same 
for  the  corpuscles  however  they  arc  produced,  and  that  ioniza- 
tion in  certain  cases  must  be  considered  as  the  result  of  a 
corpuscle  entering  into  a  neutral  atom,  thus  giving  the  ion  the 
charge  of  the  corpuscle,  gives  us  very  strong  reasons  for  beliex'ing 
that  all  corpuscles  carry  this  negative  elemcntar>^  charge. 

The  accurate  determination  of  the  charge  on  an  ion  leads  to  a 
knowledge  of  many  important  physical  constants.  It  is  known 
by  experiment  that  when  1  electromagnetic  unit  of  electricity  is 
passed  through  water  1 .04X  10~*  grams  of  hydrogen  are  liberated. 
If  N  is  the  number  of  molecules  in  a  cubic  centimeter  of  any  gas 
at  a  pressure  of  760  mm.  of  mercury,  and  at  0  deg.  cent,  tempera- 
ture, p  the  density  of  hydrogen,  and  e  the  charge  on  a  hydrogen 
atom  in  electrolysis, 


Ne 


1.04  X  lO--*  =  1 


or 


^       2.08  N 


Now  N  may  be  estimated  from  the  results  of  the  kinetic  theory* 
of  gases.    The  value  of  N  so  obtained  is,  on  the  average, 

N  =  3X  10i» 
p  =  9  X  10-» 
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from  which  it  follows  that 

e  =  lAX  10-20 

in  electromagnetic  units  or 

4.2X10-^* 
in  electrostatic  units. 

This  is  so  near  the  value  of  the  charge  in  the  ion,  determined  in 

the  way  sketched  above,  that  we  are  led  to  believe  that  the  charge 

on  the  ion  of  hydrogen  in  electrolysis  is  equal  to  the  elementary 

charge  determined  on  gaseous  ions.    As  the  latter  determination 

is  one  in  which  we  have  more  confidence  than  estimates  based 

upon  the  kinetic  theory  of  gases,  we  are  led  to  determine  N 

from  the  known  value  of  e.    This  gives 

iV  =  2.7  X  10-» 
Now  if  m  is  the  mass  of  an  atom  of  hydrogen 


m  = 


2N 


Thus  the  mass  of  an  atom  of  hydrogen  is 

1.67  X  10-" 

and  from  this  the  mass  of  the  atom  of  any  element  can  be 
determined  from  its  atomic  weight  in  terms  of  hydrogen  as 
unity. 

Radiations  from  Radioactive  Substances 

We  now  are  going  to  consider  the  radiations  from  radioactive 
substances  in  particular.  To  trace  in  detail  the  course  of  the 
discovery  of  the  nature  of  these  radiations  would  require  too 
much  time,  and  so  we  must  limit  ourselves  to  an  outline  of  what 
is  known  about  them  today  and  the  evidence  upon  which  our 
knowledge  rests. 

BeUi  Rays.  We  consider  first  the  so-called  beta  rays.  These 
rays  are  in  all  respects  identical  with  the  corpuscles  forming  the 
cathode  rays  in  a  vacuum  tube,  except  that,  among  them,  there 
are  some  that  travel  with  very  much  higher  velocities  than  any 
that  can  be  produced  in  a  discharge  tube.  Their  equivalence  to 
the  cathode  corpuscles  is  shown  by  measurements  of  e/m  and  v 
for  them — measurements  that  are  made  in  exactly  the  same  way, 
by  magnetic  and  electric  deviation,  as  for  the  cathode  particles. 
Further,  the  charges  on  the  ions  produced  by  them  are  also  the 
same  as  the  charges  on  the  ions  produced  in  any  other  way.*  Later 
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on  we  shall  have  to  speak  of  a  variation  of  the  ratio  e/m  with  the 
velocity,  but  it  is  a  variation  which  is  conditioned  only  by  the 
velocity  and  does  not  indicate  that  these  corpuscles  themselves 
are  in  any  way  different  from  the  others. 

To  show  the  penetrating  power  of  the  beta  rays,  as  well  as  the 
charge  they  carry,  Strutt  devised  a  striking  experiment.  A 
quantity  of  radium  in  a  thin- walled  glass  tube  was  supported  by 
an  instdator  inside  a  highly  exhausted  bulb.  The  beta  rays 
penetrated  the  glass  tube,  leaving  the  radium  positively  charged. 
A  pair  of  gold  leaves  was  carried  by  the  glass  tube  containing  the 
raditim,  and  by  means  of  a  wire  sealed  into  this  tube  the  gold 
leaves  were  kept  at  the  same  potential  as  the  radium.  As  the 
radium  gained  a  positive  charge  by  the  expulsion  of  the  negative 
corpuscles  the  gold  leaves  diverged  until  they  touched  the  walls 
of  the  bulb  which  were  coated  with  tinfoil,  connected  to  earth. 
They  then  discharged  to  earth,  and  collapsed.  This  process 
repeated  itself  over  and  over  again. 

On  passing  through  matter  the  velocity  of  the  beta  particles 
is  reduced.  For  this  reason,  even  if  it  should  be  assumed  that 
all  the  beta  particles  from  a  given  radioactive  substance  are 
emitted  with  the  same  velocity,  those  which  are  emitted  from  a 
thick  layer  of  substance  will  have  different  velocities,  since  they 
pass  through  different  thicknesses  of  the  substance.  The  most 
rapidly  moving  beta  particles  have  velocities  very  near  the  velo- 
city of  light,  differing  from  the  latter  by  about  one  per  cent.  It 
is  not  surprising,  therefore,  that  they  should  be  able  to  penetrate 
considerable  thicknesses  of  solid  matter.  W.  Wilson  found  that 
on  passing  through  2  mm.  of  aluminum  the  velocity  was  reduced 
from  2.86  X  10*°  cm.  per  second  to  2.00  X  10*®  cm.  per  second. 

In  their  passage  through  matter  the  beta  rays  lose  their  energy. 
In  gases  this  loss  of  energy  is  caused  by  ionization,  as  it  requires 
work  to  form  ions  from  neutral  atoms.  In  solids,  also,  there  is 
good  evidence  that  their  conductivity  is  increased  by  the  ions 
formed  in  them  by  the  beta  rays.  The  rays  thus  have  their  energy 
decreased  so  much  that  ultimately  they  are  unable  to  ionize 
the  atoms  through  which  they  pass. 

Some  very  remarkable  results  have  recently  been  obtained  by 
C.  T.  R.  Wilson,  who  succeeded  in  photographing  the  paths  of  the 
beta  particles  through  gases.  In  passing  through  a  gas  positive 
and  negative  ions  are  formed,  and  these  ions  act  as  centers  of 
condensation  of  water  vapor.  The  path  of  a  beta  particle  is  thus 
marked  out  by  the  water  drops  formed  on  the  ions^which  it  pro- 


VOL.  XXXII,  1913 


Paths  of  Beta  Particles  1*d*ms) 
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duces,  and  with  great  ingenuity  and  experimental  skill  Mr. 
Wilson  has  succeeded  in  obtaining  photographs  of  these  trails 
of  water  drops.  Two  of  his  photographs  arc  reproduced  here. 
I  am  indebted  to  Mr.  Wilson  for  permission  to  use  these  photo- 
graphs. The  beginnings  of  the  trails  are  quite  straight  and  very 
faint,  showing  that  the  velocity  of  the  beta  particle  is  so  high  that 
it  passes  through  the  molecules  without  ionizing  many  of  them. 
As  the  velocity  decreases,  more  ions  are  formed,  and  the  path  of 
the  beta  particle  becomes  curved  as  a  result  of  deflections  arising 
from  collisions  with  the  molecules. 

A  Ipha  Rays.  Another  type  of  radiation  emitted  by  radioactive 
substance  is  made  up  of  the  alpha  rays.  These  differ  from  the 
beta  rays,  first,  in  that  they  are  positively  charged,  carrying 
charges  double  that  of  the  beta  i)articles,  and  in  that  their  mass  is 
that  of  an  atom  of  helium.  They  produce  ionizing  and  photo- 
graphic effects  like  the  beta  i)articles,  but  their  very  much  larger 
mass  and  their  lower  velocity  account  for  their  smaller  penetrat- 
ing power.- 

The  alpha  particles  from  any  given  radioactive  product  are 
all  emitted  with  the  same  velocity.  This  makes  the  study  of  their 
absorption  in  passing  through  matter  simpler  than  for  the  beta 
particles,  which  are  emitted  in  groups  having  different  velocities. 
The  fastest  particles  are  emitted  with  a  velocity  of  2 .  22  X  lO*  cm, 
per  second  while  the  slowest  have  an  initial  velocity  of  1 .45  X  lO*. 

It  was  found  by  Bragg  that  the  alj)ha  particles  on  traversing 
matter  arc  slowed  down,  and  when  their  velocity  falls  below  a 
certain  value  they  lose  their  ionizing  and  photographic  power. 
The  "  stopping  jjower  **  of  various  substances  is  found  to  be 
proportional  to  the  square  root  of  the  atomic  weight.  For 
chemical  compounds,  it  is  proportional  to  the  sirni  of  the  square 
roots  of  the  weights  of  the  atoms  contained  in  the  molecule. 

An  interesting  effect  produced  by  alpha  rays  is  the  so-called  scin- 
tillation phenomenon  observed  when  the  alpha  particles  strike 
against  a  screen  of  phosphorescent  zinc  stdphide.  The  screen 
appears,  when  looked  at  through  a  magnifying  glass,  to  be  dotted 
over  with  points  of  light,  which  come  and  go  in  a  wholly  irregular 
manner.  This  effect  is  probably  caused  by  the  mechanical 
impacts  of  the  alpha  particles  producing  changes  in  the  crystalline 
structure  of  the  zinc  sulphide- -analogous  to  the  glow  observed 
when  a  luni]j  of  sugar  is  broken  in  the  dark.  It  is  found  that  when 
the  velocity  of  the  alpha  particles  falls  l)elow  its  limiting  value  for 
producing  ionizing  and  photographic  effects,  the  scintillations 


966  ADAMS:  RADIOACTIVITY  [March  19 

also  cease.  These  scintillations  may  be  counted,  and,  assuming 
that  each  point  of  light  is  caused  by  the  impact  of  one  alpha 
particle,  an  estimate  may  l)e  made  of  the  rate  of  emission  of  alpha 
particles  from  various  radioactive  substances.  But  a  more 
certain  method  of  arriving  at  the  same  result  was  devised  by 
Rutherford.  A  small  opening  was  made  in  a  chamber  in  which  a 
strong  electric  field  was  maintained.  The  alpha  particles  are 
shot  out  in  all  directions  from  a  radioactive  substance,  so  that  the 
ratio  of  those  entering  the  opening  in  a  given  time  to  the  whole 
number  shot  out  in  the  same  time  was  known  from  the  geometry 
of  the  arrangement.  On  entering  the  chamber  the  alpha  particles 
produced  ions  and  thus  an  electric  current  was  suddenly  started 
in  the  chamber,  which  disappeared  very  quickly  as  the  ions  were 
removed  by  the  electric  field.  Thus  the  entrance  of  each  alpha 
particle  into  the  chamber  was  marked  by  a  sudden  rise  in  the 
current  flowing  through  it,  and  this  was  made  known  by  the  kick 
of  the  electrometer  needle  used  to  measiu^e  the  ciurent.  The 
number  ot  kicks  in  a  given  time  gave  the  number  of  alpha  particles 
entering  the  chamber  in  that  time,  and  from  this  the  whole 
number  of  alpha  particles  emitted  could  be  deduced.  As  a  single 
alpha  particle  does  not  produce  ions  enough  to  give  a  current 
which  can  be  detected,  the  current  was  multipled  by  fresh  ions 
produced  by  the  action  of  the  strong  electric  field  on  those  al- 
ready prCwSent. 

Knowing  now  the  whole  number  of  alpha  particles  emitted 
from  a  radioactive  substance,  the  charge  on  each  is  known  as 
soon  as  we  know  the  whole  charge  carried  by  the  particles.  Meas- 
lu^ements  of  this  kind  have  been  made  by  Rutherford  and  others, 
and  the  results  show  that  the  alpha  particle  carries  a  charge  op- 
posite in  sign  but  double  the  amount  of  the  charge  carried  by  the 
beta  particle,  or  electron. 

From  the  deflection  of  a  beam  of  alpha  particles  in  an  electric 
and  a  magnetic  field  the  ratio  e/m,  and  the  velocity  r,  have  been 
detennined.  Knowing  now  the  charge,  e,  the  mass  of  a  single 
alpha  particle  is  known  at  once.  The  ratio  e/m  is  the  same  for 
the  alpha  particles  from  all  the  radioactive  substances,  while 
their  velocity  is  different.  In  this  way  it  is  found  that  the  alpha 
particle  has  a  mass  equal  to  four  times  the  ma.ss  of  the  hydrogen 
atom.  This  is  very  nearly  the  mass  of  the  helium  atom  and  it 
thus  seemed  that  the  ali)ha  partiele  was  a  helium  atom  which 
had  lost  two  negative  corpuscles,  leaving  it  effectively  charged 
with  a  double  posVUve  e\\3LT^e.    "Wx^ \\^vc^V^^\>.  n^as  r^xxt  to  the 
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test  by  Rutherford.  The  alpha  particles  were  allowed  to  pene- 
trate through  the  very  thin  walls  of  a  glass  tube  into  a  highly 
exhausted  tube  through  which  an  electric  discharge  could  be 
passed.  By  examining  its  spectrum  the  nature  of  the  gas,  if 
any,  which  collected  in  the  tube  could  be  determined.  In  a 
few  days  the  whole  spectrum  of  helium  appeared.  Control  ex- 
periments precluded  any  other  possibility  than  that  the  alpha 
particles,  shot  through  the  walls  of  the  tube,  and  having  their 
charge  neutralized,  became  helium  atoms.  The  special  signifi- 
cance of  this  fact  will  be  spoken  of  later  when  we  come  to  consider 
the  disintegration  theory  of  radioactivity. 

The  recent  experiments  of  C.  T.  R.  Wilson,  making  visible 
the  tracks  of  the  beta  particles  through  a  gas  by  photographing 
the  water  vapor  which  condenses  on  the  ions  produced,  have  been 
spoken  of.  He  obtained  similar  results  with  the  alpha  particles. 
His  photographs,  some  of  which  are  shown  here,  are  even  more 
striking  than  those  obtained  with  the  beta  particles.  The  alpha 
particle,  owing  to  its  greater  energy,  is  a  much  more  efficient 
ionizer  than  the  beta  particle  so  that  its  track  through  a  gas  is 
marked  out  by  many  more  ions  on  which  the  water  drops  collect. 
It  will  be  seen  that  these  tracks  end  abruptly,  and  this  is  ac- 
cotmted  for  by  the  fact  that  they  have  a  definite  range,  beyond 
which  their  ionizing  power  ceases.  Many  of  the  tracks  show  a 
bend  toward  their  end.  This  is  probably  the  result  of  the  reduc- 
tion in  their  velocity  which  makes  them  more  easily  deflected 
from  their  straight  line  motion  by  collisions  with  the  molecules. 

Gamma  Rays.  The  tliird  distinctive  tyi)e  of  radiation 
emitted  by  radioactive  substances  is  the  gamma  radiation.  There 
is  no  direct  evidence,  as  in  the  case  of  the  alpha  and  beta  rays, 
that  the  gamma  rays  are  formed  of  charged  particles.  The 
gamma  rays  produce  photographic  and  ionizing  effects;  their 
most  striking  property  is  their  relatively  enormous  penetrating 
power.  A  thickness  of  about  two  millimeters  of  lead  is  sufficient 
to  absorb  all  the  alpha  and  beta  particles  emitted  by  radium. 
Effects  produced  by  gamma  rays  have  been  observ^ed  after  they 
passed  through  30  cm.  of  iron. 

To  account  for  the  gamma  rays  there  are  two  theories  we  must 
consider.  The  first  is  the  ether  pulse  theory  which  was  originated 
by  Stokes  to  accoimt  for  the  Rontgen  rays.  When  a  charged 
particle  is  in  uniform  motion  through  the  ether  there  is  no  radia- 
tion of  energy  from  it.  Once  get  it  moving  and  it  will  continue  to 
move  in  a  straight  line  with  constant  velocity.    Accompanying 
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a  charged  particle  at  rest,  there  is  an  electric  field  which  is  every- 
where directed  along  the  radius  drawn  from  the  particle.  In 
other  words,  lines  of  force  go  out  from  it,  if  positive,  and  enter  it, 
if  negative,  equally  distributed  in  all  directions.  There  is  no 
magnetic  force  while  the  particle  is  at  rest.  Now  suppose  the 
particle  moves  with  uniform  velocity  in  a  straight  line.  It  carries 
its  lines  of  force  with  it,  and  as  long  as  the  velocity  is  small  there 
is  not  much  change  from  the  equal  distribution  of  lines  in  all 
directions.  A  charged  particle  in  motion  acts  as  an  element  of 
ctirrent;  so  that  there  is  a  magnetic  field  accompanying  it.  The 
magnetic  force  is  at  every  point  perpendicul^  both  to  the  direc- 
tion of  motion  and  to  the  line  drawn  from  the  particle  to  the 
point.  It  is  thus  everywhere  perpendicular  to  the  electric  force. 
Now,  for  higher  velocities,  the  lines  of  electric  and  magnetic 
force  crowd  towards  the  equatorial  plane,  always  at  right  angles 
to  each  other.  For  a  velocity  equal  to  that  of  light  the  electric 
and  magnetic  forces  would  all  be  concentrated  in  the  equatorial 
plane. 

Suppose  now  that  a  charged  particle,  moving  with  a  velocity 
very  nearly  equal  to  that  of  light,  is  brought  to  rest  within  a 
very  short  distance  by  collision  with  an  atom  or  by  any  other 
means.  Just  before  its  collision  it  carried  a  field  of  electric  and 
magnetic  force  with  it  and  this  field  was  concentrated  near  the 
equatorial  plane.  Now  suppose  that  the  corpuscle  is  brought  to 
rest  in  a  very  short  distance.  A  pulse  of  intense  electric  and  mag- 
netic forces,  at  right  angles  to  each  other,  spreads  away  from  the 
corpuscle  with  the  velocity  of  light,  the  direction  of  propagation 
being  normal  to  the  electric  and  magnetic  forces.  The  thickness 
of  this  pulse  is  proijortional  to  the  distance  in  which  the  stopping 
took  place,  that  is,  to  its  acceleration.  A  succession  of  such  pulses 
arising  from  the  stopping  of  many  corpuscles  will  thus  give  rise 
to  electromagnetic  waves  in  the  ether  which  differ  in  no  respect 
from  waves  of  light  except  that  the  wave  length  is  much  less  than 
that  corresponding  to  light  of  the  shortest  wave  length  that  we 
know  anything  of.  On  this  view,  the  gamma  rays  from  radio- 
active substances  and  the  Rontgen  rays  are  identical  in  their 
nature.  Differences  in  effects  produced  by  these  two  radiations 
are  to  be  expected,  since  the  beta  rays,  the  origin  of  the  gamma 
rays,  have  velocities  which  are  much  greater  than  the  cathode 
rays  which  give  rise  to  the  Rontgen  rays. 

The  other  view  as  to  the  nature  of  gamma  rays  is  due  to  Bragg. 
He  regards  the  gamma  ta^?*  as»  ma^^  m-^  cil  x^"a.\.^Tva5c  ^^attlcles,  a 
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negative  corpuscle  united  to  an  equal  positive  charge,  so  that  the 
combination  is  neutral  electrically,  the  whole  travelling  with  a 
velocity  very  nearly  equal  to  that  of  light.  This  view  of  the 
gamma  rays  explains  as  well  as  the  pulse  theory  the  absence  of 
any  deflection  of  the  gamma  rays  by  electric  or  magnetic  fields ;  it 
was  originated  by  Bragg  to  account  for  certain  dissynmietries  on 
the  incident  and  emergent  sides  of  matter  through  which  the 
rays  pass — effects  which  are  difficult  to  account  for  on  the  ether 
pulse  theory.  The  study  of  the  whole  matter  is  greatly  compli- 
cated by  the  secondary  rays  produced  when  gamma  rays  fall 
upon  matter;  these  secondary  rays  are  partly  secondary  gamma 
rays  and  partly  secondary  beta  rays. 

On  the  whole,  the  evidence  seems  to  favor  the  ether  pulse 
theory.  Recent  experiments  by  Laue  and  others  seem  to  show  the 
existence  of  diffraction  effects  when  Rontgen  rays  pass  through 
certain  crystals.  Whatever  view  we  take  of  the  gamma  rays  it 
seems  well  established  that  the  Rontgen  rays  and  the  gamma 
rays  are  of  the  same  nature.  In  the  experiments  referred  to,  a 
narrow  beam  of  Rontgen  rays  was  passed  through  a  thin  plate 
of  a  crystal,  and  the  rays  then  fell  on  a  photographic  plate.  In 
addition  to  the  central  spot  produced  by  the  rays  directly  trans- 
mitted, there  were  other  spots  arranged  in  more  or  less  concentric 
circles  around  it.  If  we  suppose,  as  we  must,  that  in  a  crystal 
the  molecules  are  regularly  spaced,  then  a  crystal  plate  will 
act  as  a  diffraction  grating.  On  the  view  that  the  Rontgen 
rays  are  ether  pulses,  these  results  receive  a  satisfactory  explana- 
tion, while  it  would  be  difficult  to  explain  them  on  any  other 
view  of  the  Rontgen  rays.  Accepting  this  view,  estimates  of 
the  wave  length  of  the  Rontgen  rays  gave  numbers  in  the  neigh- 
borhood of  10"'  centimeters,  about  what  was  to  be  expected  from 
the  mode  of  their  production. 
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LECTURE  II 

Introduction 

It  has  been  suggested  to  me  that  the  meanings  of  some  of  the 
terms  employed  in  the  first  lecture  were  rather  uncertain  to  some 
of  the  audience,  and  the  following  chart  has  been  prepared  which 
may  help  to  keep  in  mind  the  particular  meanings  of  the  terms 
employed  throughout  the  lecture. 


Cathode  Particle 
Beta  Particle 
Corpuscle  / 
Electron  ^  * 


Ion 


A  negatively  charged  particle,  known 
only  in  motion,  carrying  the  elementary 
electric  charge: 

e   =4.774X10-^® 

A  general  term  for  a  charged  atom  or 
molecule,  or  a  cluster  of  atoms  or  mole- 
cules. May  be  charged  either  positively 
or  negatively. 


AlDha  Particle        \         ^  positively  charged  atom  of  helium, 
*^  J      carrying  double  the  elementary  charge,  e. 

1  Probably  ether  pulses  produced  by  ac- 

celerations of  the  beta  particles.     Like 
Rontgen  rays. 

The  four  terms:  cathode  particle,  beta  particle,  corpuscle, 
electron,  all  mean  exactly  the  same  thing.  The  distinction  be- 
tween them  arises  from  the  fact  that  the  particles  appear  under 
different  conditions.  In  the  first  place,  the  cathode  particle  is 
so  called  because  it  ajjpcars  as  if  it  were  shot  out  from  the  cathode 
in  a  vacuum  tube  when  an  electric  discharge  is  sent  through. 
The  beta  particle  is  emitted  by  radioactiv^e  substances;  the  cor- 
puscle and  electron,  which  mean  exactly  the  same,  are  general 
terms  for  both  of  these  particles,  and  they  are  used  when  we  wish 
to  speak  of  them  in  general. 

You  will  notice  that  I  have  not  said  anything  on  the  chart  in 
regard  to  the  mass  of  these  particles.  This  subject  we  shall  have 
to  come  back  to  in  the  next  lecture;  but,  roughly  speaking,  we 
can  say  that  the  mass  of  one  of  these  particles  is  1/2000  of  the 
mass  of  the  hydrogen  atom;  the  hydrogen  atom  was,  up  to  the 
discovery  of  these  particles,  the  smallest  known  mass.  Where  I 
have  used  the  word  "  atom,"  I  mean  exactly  what  chemists  have 
always  considered  the  atom  to  be;  that  is,  the  smallest  mass 
which  enters  into  cYiemiesl  coTc^\Tv^NAsyj\^. 
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Ion  is  a  general  term  for  any  charged  particle;  frequently  it  is 
employed  when  the  cathode  or  beta  particle  is  meant.  But 
usually  by  ion  we  mean  a  charged  atom,  or  molecule,  or  a  cluster 
of  atoms  or  molecules  which  stick  together  around  a  central 
charge,  which  may  be  either  positive  or  negative.  Thus  in  the 
electrolysis  of  liquids,  the  current  is  carried  by  positive  ions 
moving  in  one  direction  and  negative  ions  moving  in  the  opposite 
direction. 

The  alpha  particle,  about  which  we  spoke  last  week,  is  a  posi- 
tively charged  atom  of  helium;  its  mass  is  four  times  the  mass 
of  the  hydrogen  atom,  and  it  carries  a  charge  which  is  twice  that 
of  the  cathode  particle. 

In  regard  to  gamma  rays,  we  saw  last  week  that  there  is  a  good 
deal  of  evidence  that  they  are  electromagnetic  disttu'bances,  in 
every  respect  similar  to  light  waves,  except  that  their  wave  length 
is  very  much  shorter  than  the  wave  length  of  any  known  light — 
something  of  the  order  of  1/1000  of  the  wave  length  of  the  short- 
est waves  with  which  we  are  familiar. 

The  Disintegration  Theory  of  Radioactivity 

We  have  now  given  a  brief  account  of  the  discovery  of  radio- 
active substances  and  of  the  chief  characteristics  of  the  radia- 
tions emitted  by  them.  We  proceed  to  consider  an  explanation 
of  radioactive  phenomena. 

The  most  striking  fact  connected  with  the  early  study  of  radio- 
activity was  the  apparently  continual  emission  of  relatively 
large  amounts  of  energy  with  no  evident  source  of  this  energy. 
If  the  principle  of  the  conservation  of  energy  was  to  be  re- 
tained, a  source  of  this  energy  had  to  be  found.  The  earliest 
hypothesis  was  that  of  Lord  Kelvin,  who  assumed  that  space 
was  filled  with  an  unknown  type  of  radiant  energy  and  in  some 
manner  the  radioactive  substances  were  able  to  transform  this 
unknown  energy  into  known  kinds  of  energy,  and  so  make  it 
apparent.  The  difficulty  with  this  explanation  was  that  it  ex- 
plained nothing,  but  merely  let  us  keep  formally  the  principle 
of  the  conservation  of  energy. 

The  clue  to  what  we  now  believe  to  be  the  true  explanation 
of  radioactive  phenomena  was  furnished  by  a  more  detailed 
study  of  the  radioactive  element,  uranium — the  first  element 
which  was  discovered  to  be  radioactive.  It  was  found  by  Sir 
William  Crookes  that  lu-anium  could  be  separated  into  two  con- 
stituents, one  of  which  was  inactive,  and  XJcv^  oXJcvet,  xwaOa 
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smaller  in  amount,  was  relatively  intensely  radioactive.  His 
method  of  separation  consisted  simply  in  precipitating  a  solu- 
tion of  uraniiun  nitrate  by  ammonitmi  carbonate.  The  greater 
portion  of  the  precipitate  was  redissolved  by  an  excess  of  the 
reagent,  but  a  residue,  consisting  chiefly  of  impurities  in  the 
uranium  salt,  was  left  undissolved.  This  residue  carried  with  it 
the  radioactive  constituent  of  the  tu^anium,  and  was  given  the 
name  uranium  X,  The  redissolved  uranium  was  found  to  be  in- 
active. But  it  is  important  to  observe  that  tests  of  the  radio- 
active property  were  made  by  the  photographic  and  not  the 
electrical  method.  Now  it  is  the  beta  and  gamma  rays  which 
produce,  under  usual  conditions,  the  w^hole  photographic  effect. 
The  alpha  rays  are  so  easily  absorbed  that  the  covering  used  to 
protect  the  plates  from  light  also  shields  them  from  the  alpha 
rays.  The  activity  measured  in  these  experiments  may  thus  be 
called  the  beta-ray  activity.  On  allowing  the  inactive  tu*anium 
and  the  active  uraniiun  X  to  stand  for  a  time  it  was  found  that  the 
former  recovered  its  initial  activity  after  a  few  months,  while  the 
latter  in  the  same  time  lost  its  activity.  By  making  quantitative 
determinations  of  the  radioactivity  by  the  electrical  method, 
using  only  the  beta  rays,  Rutherford  and  Soddy  determined  the 
law  of  the  decay  of  activity  of  the  uranium  X  and  the  rise  in 
activity  of  the  uranium.  Let  /  be  the  activity  at  any  time,  and 
lo  the  initial  activity.    The  law  of  decay  was  found  to  be 


and  the  law  of  recovery 


/  =  /,  (1  - «-") 
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where  X  is  a  constant.  The  illustrations  herewith  show  graphic- 
ally the  forms  of  the  curves  expressed  by  these  two  equations. 

Results  exactly  analogous  were  obtained  with  thorium,  from 
which  a  constituent  thorium  X  was  separated.  In  this  case  the 
decay  of  activity  of  the  thorium  X  and  the  recovery  of  activity 
of  thorium  were  much  quicker  than  in  the  case  of  uranium.  This 
means  that  the  constant  X  has  a  larger  value  for  thorium  than 
for  uranium. 

These  results  led  Rutherford  and  Soddy  to  the  disintegration 
hypothesis  of  radioactivity,  which  we  shall  now  describe. 

The  old  idea  of  the  atom  was  that  of  an  unchangeable  mass, 
the  smallest  mass  that  could  be  thought  of.  There  were  as  many 
different  kinds  of  atoms  as  chemical  elements.  Of  all  the  ele- 
ments hydrogen  has  the  lowest  atomic  weight  and  hence  the 
hydrogen  atom  was  supposed  to  be  the  smallest  mass  that  could 
exist.  It  is  true  that  there  had  been  speculations  in  regard  to 
the  possibility  of  considering  all  atoms  to  be  built  up  of  various 
combinations  of  one  substance,  but  there  was  no  certain  experi- 
mental foundation  for  such  speculation  and  little,  if  any,  progress 
was  made  in  this  direction.  It  was  quite  customary  to  look 
upon  the  atoms  as  hard  elastic  spheres  of  the  various  chemical 
elements.  The  study  of  the  spectra  of  the  various  elements 
showed  that  no  such  simple  view  of  the  atom  could  be  accepted ; 
that  the  atom  must  be  considered  as  a  dynamical  system  in 
order  to  be  capable  of  giving  the  very  complicated  system  of 
spectral  lines  which  most  elements  exhibit.  But  spectroscopy 
has  not  told  us  very  much  about  the  nature  of  the  dynamical 
systems  which  we  must  take  the  atoms  to  be.  Up  to  the  time 
of  the  discovery  of  radioactivity,  it  was  supposed  that  these 
dynamical  aystems  forming  the  atoms  were  all  stable  systems — 
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under  no  conditions  could  one  of  them  ever  change  into  another 
of  different  type.  This  we  may  take  as  the  essential  feature  of 
the  old  idea  of  the  chemical  atom — ^its  absolute  stability  con- 
sidered as  a  dynamical  s>'siem. 

The  disintegration  hypothesis  discards  this  requirement 
of  stability  for  the  atom.  We  must  look  upon  the  radioactive 
elements  as  formed  of  the  least  stable  atoms;  non-radioactive 
elements  as  formed  of  the  most  stable  atoms.  This  is  certainly 
not  a  violent  assumption  to  make,  although  it  is  a  radical  change 
from  former  views.  If  we  knew  the  structure  of  the  atom,  all 
the  influences  acting  upon  it,  it  would  be  possible  to  predict  just 
what  each  atom  would  do  under  any  conditions.  But  we  do  not 
know  this  and  so  we  have  to  make  use  of  probability  methods, 
just  as  in  the  kinetic  theory  of  gases  we  make  use  of  probability 
methods  to  find  the  mean  velocity  of  the  molecules. 

Let  us  look  upon  the  atoms  as  containing  alpha  and  beta 
particles.  We  shall  have  more  to  say  later  as  to  the  structure  of 
the  atom  from  this  point  of  view.  The  atoms  being  imstable,  in 
a  given  time  a  certain  number  of  them  will  disintegrate,  expelling 
one  or  more  alpha  or  beta  particles,  or  both.  The  atom  thus 
changes  into  an  atom  of  a  different  kind.  Let  us  assume  that  the 
number  of  atoms  which  disintegrate  in  unit  time  is  proportional 
to  the  whole  number  of  atoms  of  its  own  kind  present.  If  we 
start  with  No  atoms  of  a  certain  kind,  the  number  N  after  a  time 
/  will  be  given  by 

dN 


dt 


=  -  \N 


This  expresses  that  the  rate  at  which  the  atoms  disintegrate 
is  proportional  to  the  whole  number  present  at  any  time.  We  can 
integrate  this  equation  at  once,  and  get 

N  =  Noe-^' 

Thus,  it  is  only  after  an  infinite  time  has  elapsed  that  all  the 
atoms  disintegrate.  It  will  help  our  understanding  of  this 
theory  to  apply  it  to  a  definite  case.  Let  us  suppose  that  all  the 
uranium  X  has  been  separated  from  a  given  amount  of  uranium 
by  chemical  means.  We  know  that  uranium  X  emits  beta 
particles.  Assume  then  that  an  atom  of  uranium  X  disinte- 
grates into  a  non-radioactive  atom  and  that  the  disinte- 
gration of  each  atom  is  accompanied  by  the  expulsion  of 
one  beta  particle.    TYve  tvMTcfeei  ol  X^feX-^  ^^ax\Me&  emitted  in  a 
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given  time  will  then  be  equal  to  the  number  of  atoms  which  break 
up  in  that  time,  and  this  is  proportional  to  the  number  of  atoms 
present.  Therefore  the  beta  ray  activity  /  at  any  time  is  pro- 
portional to  N,  the  number  of  atoms  of  uranium  X  present  at 
that  time ;  we  thus  have 


di 

I  =  /o€-^' 

where  /©  is  the  initial  beta  ray  activity.  This  is  the  law  of  decay 
found  experimentally  by  Rutherford  and  Soddy .  Now  consider  the 
uranium  after  the  uranium  X  has  been  removed.  It  has  no  beta 
activity,  but  it  is  continually  forming  uranium  X.  Suppose  then 
that  an  atom  of  uraniimi  breaks  up,  expelling  an  alpha  particle, 
and  as  a  result  changes  into  an  atom  of  uranium  X.  Its  beta  ray 
activity  depends  upon  the  number  of  atoms  of  uranium  X  which 
have  been  formed.  Let  iV,  as  before,  be  the  number  of  atoms  of 
uranium  X  present  at  any  time  /.  The  nimiber  of  atoms  of 
uranium  is  enormous;  if  the  number  that  disintegrate  during  a 
few  days  is  very  small  compared  to  the  whole  number,  we  can 
regard  the  rate  of  production  of  atoms  of  uranium  X  as  constant. 
Call  this  q.    Then 

=  q  —  h  N 


di 

That  is,  the  atoms  of  uranium  X  are  produced  at  a  rate  q  and 
disintegrate  at  a  rate  X  N.  So  the  net  rate  of  increase  is  the 
difference  between  these  two  rates. 

The  integral  of  this  equation  is 

where  c  is  the  constant  of  integration 
when 

/  =  0    iV  =  0 

So  that 

iV  =  iVo  (1  -  e-^0 

Now  since  the  beta  ray  activity  of  iu*anium  is  due  to  the  vrc^sd>rcsi 
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X  produced  from  it,  the  beta  ray  activity  at  a  time  /  after  the 
uranium  X  has  been  removed  is 

/  =  /o(l   -   €-^0 

and  this  is  the  law  Rutherford  and  Soddy  found  experimentally 
for  the  rise  in  activity  of  uranium  after  removal  of  uranium  X. 

After  a  long  enough  time  has  passed,  five  to  six  months  in  this 
case,  the  amount  of  uranium  X  becomes  sensibly  constant.  In 
other  words,  there  is  radioactive  equilibrium  between  the  uranium 
and  uranium  X.  Just  as  many  atoms  of  uranium  X  are  produced 
per  second  as  are  destroyed  per  second.  It  is  not  a  true  equili- 
brium because  we  have  neglected  the  number  of  uranitmi  atoms 
that  disappear  in  comparison  with  the  whole  number.  But  the 
iu*anium  atoms  disintegrate  at  so  slow  a  rate  compared  to  the  rate 
of  disintegration  of  the  uranium  X  atoms  that  the  equilibriiun 
between  the  two  appears  to  be  complete. 

This  hypothesis  of  the  actual  breaking  down  of  the  chemical 
atom  and  the  resulting  formation  of  a  new  atom  did  not  meet 
with  immediate  acceptance.  Chemists,  in  particular,  were  in- 
clined to  look  upon  the  production  of  tu^anium  X  from  uranium  as 
a  case  of  an  ordinary  chemical  reaction.  But  this  required  the 
asstmiption  that  uranium  itself  was  not  an  element,  but  a  com- 
pound which  slowly  broke  up  spontaneously  into  its  constituents, 
just  as,  under  the  influence  of  heat,  most  chemical  compounds 
break  up.  But  all  known  chemical  reactions  are  subject  to  ex- 
ternal conditions;  temperature  and  pressure  have  a  marked  in- 
fluence on  their  rate.  The  decay  of  uranium  X,  on  the  other  hand 
appears  to  be  absolutely  independent  of  all  external  conditions. 
It  goes  on  at  the  same  rate  at  the  temperature  of  liquid  air  as 
at  the  highest  temperatures  that  may  be  obtained  in  an  electric 
furnace.  And  the  same  holds  true  for  all  other  radioactive  pro- 
cesses. They  appear  to  be  inherent  properties  of  the  atoms  them- 
selves, and  no  means  have  yet  been  found  of  retarding  or  ac- 
celerating them. 

We  have  now  had  two  examples  of  radioactive  disintegration — 
uranium  and  thorium.  Let  us  now  turn  to  radium  and  see  how 
the  disintegration  hypothesis  works  out  in  this  case.  We  have 
seen  that  radium  has  all  the  characteristics  of  a  chemical  element 
— a  definite  atomic  weight,  a  definite  spectrum,  and  distinct 
chemical  properties  so  that  it  may  be  separated  from  other 
elements.  Now  in  studying  the  radioactive  properties  of  radium 
it  was  soon  found  t\vaX  t\vei^  ^^t^  x^^tc^  Yct^'gilarlties  in  the 
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ionization  produced  by  the  rays  from  it.  Air  currents  blowing 
over  the  uncovered  radium,  in  particular,  had  a  marked  influence 
on  the  conductivity  of  the  surrounding  air.  The  ionization  was 
much  less  from  radium  that  had  been  freshly  evaporated  from 
solution  than  from  the  radium  after  it  had  stood  for  some  days. 
Heating  the  radium  produced  a  temporary  diminution  in  its 
activity.  It  seemed  as  if  a  gaseous  emanation,  itself  radioactive, 
was  constantly  forming  in  the  radium  and  being  occluded  in  it, 
so  that  heat  and  solution  removed  the  store  of  this  occluded  gas. 
A  simple  way  of  studying  this  supposed  gas  was  found  in  bubbling 
air  through  a  solution  of  radium  and  collecting  this  air  in  a  closed 
vessel.  It  was  found  that  the  conductivity  of  the  air  was 
enormously  increased,  that  its  conductivity  gradually  diminished, 
falling  to  half  its  initial  value  in  about  four  days,  but  not  accord- 
ing to  a  simple  exponential  law.  It  was  found  that  objects  im- 
mersed in  it  became  themselves  temporarily  radioactive,  particu- 
larly if  they  were  negatively  charged.  This  is  the  phenomenon 
known  as  induced  or  excited  radioactivity.  When  radium  was 
dissolved  in  water  and  air  bubbled  through  the  solution  there  was 
at  first  a  very  large  amount  of  the  emanation  carried  over.  After 
a  short  time  things  reached  a  steady  state.  This  may  be  ex- 
plained by  the  disintegration  hypothesis,  if  we  assume  that  the 
radium  atoms  in  disintegrating  form  atoms  of  emanation.  This 
process  goes  on  continuously  and  in  the  solid  radium  the  emana- 
tion becomes  occluded.  In  equilibrium  there  will  be  just  as  many 
atoms  of  the  emanation  formed  in  a  second  as  disintegrate  in  a 
second — very  little  escapes  from  the  solid  radium.  When  the 
radium  is  in  solution  and  air  is  bubbled  through,  the  emanation 
is  removed  as  fast  as  it  is  formed.  The  first  stage  in  the  disin- 
tegration of  radium  may  then  be  represented: 


oo 


RADIUM  "AO'W** 

EMANATION 


We  have  spoken  of  this  radium  emanation  as  a  gas  and  we 
must  now  examine  the  evidence  for  this  assumption,  and  see  what 
kind  of  a  gas  it  is.  If  this  assumption  is  correct  it  should  have  a 
definite  spectrum,  a  definite  density,  and  it  should  be  possible 
to  liquify  it  by  increasing  the  pressure  or  lowering  the  tempera- 
tiu^,  or  both.  First,  as  to  its  spectrum.  The  emanation  from  a 
large  quantity  of  radium  was  collected,  freed  from  impurities 
and  introduced  into  a  spectnmi  tube,     k  'w^ioVlv  tie^  ^fc^.  ^'^ 
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spectral  lines,  unlike  the  lines  from  any  known  substance,  was 
found.  In  the  course  of  a  few  days  this  spectrum  gradually 
weakened  and  disappeared,  the  spectrum  of  helium  finally  taking 
its  place.  This  is  of  course  exactly  what  we  should  expect  if  the 
emanation  disintegrates  with  the  expulsion  of  alpha  particles, 
for  the  alpha  particles  are  charged  atoms  of  helium. 

Rutherford  succeeded  in  liquifying  the  emanation  at  a  tempera- 
ture of  —  65  deg.  cent,  at  atmospheric  pressure.  The  vapor  pres- 
sure of  the  liquid  emanation  has  been  determined  for  a  wide  range 
of  temperature.  Thus,  in  this  respect,  it  behaves  as  an  ordinary 
gas. 

The  determination  of  the  density  of  the  radium  emanation  was 
accomplished  by  Sir  William  Ramsay.  It  was  a  problem  requir- 
ing extraordinary  experimental  skill  for  its  solution.  The  method 
consisted  in  actually  weighing  a  known  volume  of  the  emana- 
tion.   When  we  consider  that  the  weight  of  the  emanation  was 

of  the  order  of  ^  -y.^  of  a  milligram  it  will  readily  be  seen  that  a 

very  accurate  determination  was  impossible.  The  density  was 
found  to  be  111.5  times  that  of  hydrogen,  and  assuming  that 
the  emanation  is  a  monatomic  gas,  this  makes  the  atomic  weight 
223.  The  atomic  weight  of  radium  is  226 ;  and  if,  then,  the  radium 
atom  emits  in  disintegrating::  a  single  particle,  whose  weight  is  4 — 
the  atomic  weight  of  hcliuni — this  should  leave  for  the  atomic 
weight  of  emanation,  into  which  the  radium  disintegrates,  the 
value  222.  This  is  in  siirj^risingly  good  agreement  with  the 
number  found  when  we  remember  the  extremely  small  amount 
of  the  emanation  available. 

We  are  thus  justified  in  looking  upon  the  radium  emanation 
as  a  gaseous  element  difTering  in  no  respect  from  an  ordinary 
element  except  that  its  atoms  are  far  less  stable.  Let  us  now  see 
what  becomes  of  the  emanation  after  it  disintegrates.  We  have 
seen  that  solids  immersed  in  the  emanation  become  temporarily 
radioactive.  This  effect  is  specially  marked  if  conductors  charged 
to  a  high  negative  potential  are  immersed  in  the  emanation. 
Everything  is  exactly  the  same  as  if  a  solid  substance  were 
deposited  on  the  metal  surface.  For  example,  this  active  deposit 
may  be  dissolved  in  acids,  leaving  the  metal  non-radioactive; 
while  if  the  solution  is  evaporated  to  dryness  the  residue  is  found 
to  be  radioactive,  its  radioactivity  diminishing  in  the  same  way 
ft  would  have  if  lett  on  l\\e  Tcve\,^\.    The  active  deposit  may  also 
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be  removed  by  sandpapering  the  metal ;  the  dust  removed  is 
then  radioactive. 

When  the  decay  curve  of  this  excited  radioactivity  is  drawn, 
it  is  found  not  to  be  a  simple  exponential  curve  like  the  curve  of 
decay  of  uranium  X.  Its  form  depends  upon  the  time  the  metal 
has  been  immersed  in  the  emanation.  By  analysis  of  the  curves 
obtained  for  different  times  of  immersion  in  the  emanation  and 
by  measuring  separately  the  alpha  and  beta  ray  activities, 
it  is  foimd  that  the  following  succession  accounts  for  the  observa- 
tions. The  atom  of  radium  emanation  emits  an  alpha  particle, 
and  becomes  then  an  atom  of  a  solid  substance,  called  radium  A . 
Radium  A  has  a  short  life;  in  three  minutes  half  of  it  has  disap- 
peared. In  disintegrating,  the  atom  of  radium  A  emits  an  alpha 
particle  and  changes  into  radium  B,  This  is  also  a  solid  substance 
disintegrating  to  half  its  value  in  26.5  minutes.  Radium  B 
emits  only  beta  particles.  The  mass  of  the  beta  particle  is  very 
small  so  that  it  can  be  neglected  compared  to  the  mass  of  an 
atom ;  thus  the  atomic  weight  of  radium  C  is  the  same  as  that  of 
radium  B  from  which  it  is  formed.  Radium  C  emits  both  alpha 
and  beta  particles;  and  also  gamma  rays,  which  we  have  seen 
are  to  be  expected  when  beta  rays  of  high  velocity  are  emitted. 
In  19 . 5  minutes  half  of  the  radium  C  disappears. 

If  only  a  small  amount  of  the  radium  emanation  was  present 
to  begin  with,  after  a  few  hours  the  radioactivity  of  the  active 
deposit  becomes  too  small  to  measure.  This  is  the  restdt  we 
should  have  if  radium  C  on  disintegrating  forms  a  non-radioactive 
substance.  If,  however,  large  amounts  of  radium  emanation  are 
employed  it  is  foimd  that  radium  C  does  not  end  the  series,  but 
that  another  substance,  radiimi  D,  is  formed,  which  has  a  long 
life  compared  to  radium  C.  In  16 .5  years,  half  of  the  radium  D 
changes  into  radium  E.  In  this  change,  beta  particles  are  emitted 
by  the  atoms  of  radium  D,  The  atoms  of  radiiun  E  disintegrate 
to  half  their  number  in  5.5  days,  emitting  beta  particles,  and 
forming  atoms  of  radium  F,  This  substance  emits  a,lpha  particles 
only,  decaying  to  half  its  amount  in  136  days,  and  is  the  last 
member  of  the  series  that  we  are  certain  about. 

Radixun  D  and  radium  F  are  of  particular  interest  in  that  they 
have  been  found  to  be  identical  with  radio-lead  and  polonium 
respectively — two  radioactive  substances  found  in  the  chemical 
analysis  of  pitchblende,  which  were  first  supposed  to  be  in- 
dependent substances.  We  see  that  they  are  members  of  the 
family  which  is  formed  by  the  disintegration  ot  ladiwrai. 
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You  will  notice  that  for  the  last 
member  of  this  family  I  have 
put  down  lead,  with  an  inter- 
rogation point.  The  evidence 
for  this  is  not  conclusive,  but 
there  is  enough  to  make  it  seem 
probable.  In  the  first  place,  as- 
suming that  every  time  an  alpha 
particle  is  emitted  the  weight  of 
the  atom  is  reduced  by  4,  the 
atomic  weight  of  helium,  the 
last  member  of  the  series  should 
have  an  atomic  weight  equal  to 
that  of  radium,  less  four  times 
the  number  of  alpha  particles 
emitted  in  the  complete  disinte- 
gration. Looking  at  the  diagram 
we  see  that  there  are  five  changes 
which  are  accompanied  by  the 
emission  of  an  alpha  particle.  So 
the  atomic  weight  of  the  last 
member  of  the  series  should  be 

226.4  -  4  X  5  =  206.4 

The  element  that  has  an  atomic 
weight  nearest  this  number  is 
lead,  whose  atomic  weight  is  207. 
The  discrepancy  between  these 
two  numbers  may  possibly  be  ac- 
counted for  in  this  way.  There 
is  some  evidence  that  the  atoms 
of  radium  C  break  down  in  two 
different  ways.  Some  of  them 
yield  radium  D  and  the  others 
yield  a  substance  called  radium 
C2 .  On  the  diagram  this  is  called 
a  branch  product.  If  radium  Ci 
with  a  probable  atomic  weight 
of  210.4  disintegrates  without 
emitting  any  alpha  rays  the  final 
product  will  have  the  same 
atomic  weight.  As  the  amotint  of 
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raditim  C  that  forms  the  branch  product  is  small  compared  to  the 
amount  that  forms  radium  D,  the  mean  atomic  weight  of  the  two 
final  products  would  be  somewhat  greater  than  206 .4  and  might 
therefore  be  assumed  to  be  equal  to  the  atomic  weight  of  lead. 
This  view  requires  us  to  regard  what  we  call  lead  as  a  mixture  of 
atoms  of  two  different  kinds,. of  chemical  properties  so  similar 
that  no  way  has  ever  been  found  of  separating  them.  There  is 
nothing  inherently  improbable  in  this  view  and  it  is  suggested  as 
one  way  of  identifying  the  final  member  of  the  radium  family  as 
lead.  Indirect  evidence  that  this  is  so  is  found  in  the  fact  that 
in  many  minerals  there  is  a  definite  relation  between  the  amounts 
of  radium  and  lead  present.  This  cotdd  hardly  be  explained  in 
any  way  than  that  lead  is  formed  trom  radium. 

Let  us  now  examine  the  other  end  of  the  series.  It  has  been 
well  established  that  in  uranium  minerals  there  is  a  fixed  ratio 
between  the  radium  and  uranium  present.  It  is  found  that  for 
every  gram  of  uranium  there  is  an  amount  of  radium  equal  to 
3.4  X  10"^  grams.  A  very  few  minerals  show  exceptions  to  this 
ratio;  but  these  exceptions  are  satisfactorily  accounted  for  by 
decompositions  or  chemical  replacements  for  which  there  is 
other  evidence.  As  uranium  has  the  highest  atomic  weight  of  all 
the  known  elements  we  naturally  take  it  as  the  parent  element  in 
the  whole  series. 

We  saw  that  the  discovery  leading  to  the  disintegration  hypo- 
thesis was  that  from  uranium  a  substance,  uranium  AT,  continu- 
ally produced  by  the  uranium,  could  be  separated  by  chemical 
means.  There  is  evidence,  however,  which  there  is  not  time  to 
give  here,  that  uranium  does  not  disintegrate  directly  into 
uranium  X,  but  into  an  inteniiediate  substance,  uranium  2,  the 
disintegration  of  each  atom  being  accompanied  by  the  expulsion 
of  an  alpha  particle.  We  know  of  no  method  by  which  uranium  1 
and  uranium  2  can  be  separated.  We  may  look  upon  what  we 
call  uranium  as  in  reality  a  mixture  of  two  substances,  uranium  1 
with  atomic  weight  238.5  and  uranium  2,  with  atomic  weight 
234 . 5 ;  the  latter  is  present  in  so  small  a  proportion  as  not  to  affect 
the  mean  atomic  weight,  which  is  that  of  uranium  as  we  know  it 
(238.5).  Between  uranium  X  and  radium  there  is  one  member, 
ionium,  discovered  by  Boltwood.  The  atoms  of  ionium  disin- 
tegrate, with  the  expulsion  of  an  alpha  particle,  into  atoms  of 
radium. 

We  must  now  see  how  it  is  possible  to  determine  the  rate  of 
decay  of  the  various  members  of  the  series.   For  those  that  decay 
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rapidly — say  to  half  their  initial  value  in  a  few  months  or  less— 
the  rate  of  decay  may  be  determined  by  analysing  the  curves 
obtained  by  measuring  their  radioactivity  over  a  sufficiently 
long  period.  But  this  method  obviously  cannot  be  employed  for 
those  substances  which  decay  very  slowly.  The  period  of  radium 
may  be  determined  in  the  following  way.  I  showed  in  the 
previous  lecture  how  the  whole  number  of  alpha  particles  emitted 
in  a  second  by  a  radioactive  substance  can  be  counted.  If  we 
assume  that  each  radium  atom  on  disintegrating  emits  a  single 
alpha  particle,  then  the  ntunber  of  atoms  of  radium  that  break 
down  in  a  second  is  equal  to  the  number  of  alpha  particles  emitted 
by  it  in  a  second.  The  ratio  of  the  number  that  break  down  per 
second  to  the  whole  number  present  is  the  constant  X  in  the 
equation 

N  ^  No  €-" 

Now  Rutherford  has  found  that  the  whole  number  of  alpha 
particles  emitted  in  a  second  by  one  gram  of  raditun  is  3. 4  X  10". 
We  now  must  find  the  ntunber  of  atoms  of  raditun  in  one  gram. 
A  cubic  centimeter  of  hydrogen  has  a  mass  of  9  X  10"^  grams.  If 
there  are  n  molecules  in  a  cubic  centimeter  of  any  gas,  there  are 
2  n  atoms  of  hydrogen  in  a  cubic  centimeter.    So  that  in  one  gram 

2n 

of  hydrogen  there  are     q  v  in->   ^^^"^s-    ^^  ^^^  gram  of  radium 

there  will  accordingly  be 

2n 


9X  lO-*^  X  226.4 


atoms 


Taking  n  =  6.12  X  10*' we  find  the  number  of  atoms  in  one  gram 
of  radium  to  be 

3  X  10" 
Therefore 

^    3.4  X  10^0   ^ 

3  X  10"  ^ 

Now,  remembering  that  N  =  No  c"^',  and  putting  N  =^  i  No 
we  find 


c-^^   =  ^ 


1^ 
2 


where  T  is  the  time  for  the  substances  to  be  half  transformed. 
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^  _    log  2    _    0.693 
^   "        X       "        X 
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For  radium,  therefore,  T  =  6.3  X  10*®  seconds  or  2000  years. 

This  same  method  may  be  applied  to  any  substances  which 
emit  alpha  rays  that  can  be  counted. 
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Since  the  uranium  atom  emits  altogether  three  alpha  particles 
in  changing  to  radium,  the  atomic  weight  of  the  latter  should  be 

238.5  -3X4  =  226.5. 

This  is  in  excellent  agreement  with  the  value  found  for  it  by 
Madame  Curie. 

In  the  diagram  illustrating  the  radium  series  is  given,  in  the 
last  row  of  figures,  the  range  of  the  alpha  particles  emitted  by  the 
various  members  of  the  series.  These  nxmibers  give  the  distance, 
in  air,  that  the  alpha  particles  traverse  before  their  energy  is 
reduced  sufficiently  for  them  to  lose  their  ionizing  power.  It  is 
seen  that  with  one  exception  the  shortest-lived  products  emit 
alpha  rays  with  the  highest  velocities.  This  is  what  one  would 
expect  if  the  disintegration  of  an  atom  is  anything  like  an  explo- 
sion. The  shorter  the  life  of  an  atom,  the  more  violent  one 
would  expect  the  explosion  to  be,  and  consequently  the  alpha 
particle  would  be  ejected  with  a  higher  velocity  than  if  the  explo- 
sion were  less  violent.  By  determining  the  range  of  the  alpha 
particles  from  any  product  we  thus  have  an  independent  way  of 
getting  an  estimate  of  the  life  of  the  product. 

There  are  two  other  known  series  of  radioactive  elements,  the 
thorium  series  and  the  actinium  series.  There  is  not  time  to 
discuss  these  in  detail,  but  accompanying  this  are  two  diagrams 
similar  to  the  one  for  the  radium  series,  which  give  our  present 
knowledge  regarding  them.  There  is  some  evidence  that  both 
these  scries  are  derived  from  uranium;  the  members  of  both 
series  are  fcumd  in  uranium  minerals,  which  point  to  their  deriva- 
tion from  uranium.  It  may  be  that  they  come  from  branch  pro- 
ducts in  llie  main  uranium-— lead  series.  But,  so  far,  any  direct 
evidence  for  this  view  is  lacking. 

Heating  Effect  of  Radium 

We  are  now  going  to  consider  an  important  property  of  radio- 
active substances — their  heating  effect.  We  have  seen  that  radio- 
active substances  are  continually  sending  off  particles  with  a  high 
velocity.  Some  of  these  particles  are  stopped  in  the  substance 
itself  and  some  in  the  walls  of  the  containing  vessel.  As  in  the 
case  of  ordinary  projectiles,  when  brought  to  rest,  the  kinetic 
energy-  of  their  motion  is  changed  into  heat,  so  we  should  expect 
a  radioactive  substance  to  keep  itself  at  a  higher  temperature 
than  its  siuroundings.    We  can  easily  calculate  the  rate  of  heat 
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production  in  any  radioactive  substance  as  soon  as  we  know  the 
number,  mass,  and  velocity  of  the  particles  emitted  by  it  in  a 
given  time.  For  each  particle  of  mass  w  and  velocity  v  has  an 
amount  of  kinetic  energy  equal  to  \  m  \^.  If  n  particles  are 
emitted  in  a  second  the  whole  kinetic  energy  is  J  w  n  v^,  and  if 
all  these  particles  are  brought  to  rest  the  heat  produced  in 
mechanical  imits  is  i  w  n  i;*.  To  get  thermal  imits,  that  is, 
calories  per  second,  we  have  to  divide  by  the  mechanical  equiva- 
lent of  heat,  4 . 2  X  10^.  Let  us  apply  this  to  calculate  the  amount 
of  heat  produced  by  one  gram  of  radium  when  it  is  in  radioactive 
equilibrixun  with  the  emanation,  radium  A,  B,  and  C.  This  will 
be  the  case  a  week  or  two  after  preparation  of  the  radium.  The 
velocities  of  the  alpha  particles  from  the  various  members  of 
the  uranium  family  are  given  in  the  following  table. 

Velocity    of    alpha       Kinetic    energy  of 
Product  particle  alpha  particle 


cm.  per  second  ergs 

Uranium  1 1.46X10^  0.645  X  10-* 

Uranium  2 1.63X10"  0.72    X  10-* 

Ionium 1.66X10^  0.746  X  10-» 

Radium 1.61X10^  0.794  X  10-* 

Emanation 1.73X10"  0.915  X  10-* 

Radium  A 1.82X10^  1.01     X  10** 

Radium  C 2.06X10"  1.31     X  10-* 

Radium  P 1 .68  X  10* 0.866  X  10-* 

One  gram  of  radium  emits  3.4  X  10*"  alpha  particles  in  a 
second;  so  the  number  of  particles  emitted  by  one  gram  of  radium 
with  the  three  products  in  equilibrium  with  it  is 


4  X  3.4  X  10*"  =  13.6  X  10 


10 


The  average  kinetic  energy  of  the  alpha  particles  from  these 
foiir  products  is  1.01  X  10~*  ergs.  Therefore  the  kinetic  energy 
which  is  transformed  into  heat  per  gram  of  radium  per  second  is 

1.01  X  lO-*^  X  13.6  X  10*"  =  13.7  X  10* 

In  heat  units  this  corresponds  to 

3 .  26  X  10~-  calories  per  second 

or  to  117  calories  per  hour. 

In  this  calculation  two  causes  of  heat  production  have  been 
neglected.  One  is  the  absorption  of  the  beta  rays.  Although 
their  velocity  is  higher  than  that  of  the  alpha  rays,  their  mass  is 
so  much  smaller  that  the  kinetic  energy  of  a  single  beta  particle 
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is  only  a  small  fraction  of  the  kinetic  energy  of  a  single  alpha 
particle.  Then  the  kinetic  energy  of  the  recoil  of  the  atom,  re- 
stdting  from  the  exptdsion  of  the  alpha  particle,  has  been  neg- 
lected. This  may  easily  be  calculated;  for  the  momentum  of  the 
atom  is  equal  in  magnitude  and  opposite  in  sign  to  the  momentum 
of  the  particle.  The  latter  is  known,  as  is  the  mass  of  the  atom, 
and  so  the  velocity  of  the  atom  is 

mv/M 

where  m  is  the  mass  of  the  alpha  particle  (4)  and  M  that  of  the 
atom  after  the  alpha  particle  has  been  expelled;  v  is  the  velocity 
of  the  alpha  particle.  The  total  heating  effect  resulting  from  the 
recoil  of  the  atoms  is  less  than  one  per  cent  of  the  effect  we  have 
calculated.  As  a  result,  we  find  that  the  heating  effect  of  one 
gram  of  radium  a  few  days  after  its  preparation  is 

118  calories  per  hour. 

Now  this  is  something  that  can  be  measured,  by  placing  a  known 
mass  of  radium  in  a  calorimeter  and  observing  the  increase  in 
temperature.  Measurements  of  this  kind  give  results  very  near 
the  calculated  value.  In  particular,  one  measurement  of  Ruther- 
ford gave  as  the  heating  effect  of  the  radium  emanation  from  one 
gram  of  radium,  94.5  calories  per  hour.  The  value  calculated 
by  the  same  method  as  that  employed  for  radium  is  94  calories  per 
hour.  These  results  therefore  confirm  the  hypothesis  that  a  single 
alpha  particle  is  emitted  from  an  atom  when  it  disintegrates. 

Another  confirmation  of  the  disintegration  hypothesis  is  found 
in  the  agreement  between  the  calculated  and  the  measured  rate 
of  production  of  helium.  Assuming  each  alpha  particle  to  be  an 
atom  of  helium,  the  number  of  atoms  of  helium  formed  in  one 
second  in  one  gram  of  radium  in  equilibrium  with  the  emana- 
tion, radium  Ay  B,  and  C,  is 

4  X  3.4  X  10»<>  =  13.6  X  10»« 

In  one  cubic  centimeter  of  helium  at  a  pressure  of  760  mm.  of 
mercury  and  at  0  deg.  cent,  there  are 

2.78  X  10'»  atoms 

Therefore  in  one  year  there  should  be  produced  154  cubic  milli- 
meters of  helium.  Direct  experiment,  by  Sir  James  Dewar,  gave 
169  cubic  millimeters  a  year  from  one  gram  of  radium.  When  one 
considers  the  difficulty  of  measuring  the  extremely  small  volumes 
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of  helium  produced  from  a  small  amount  of  radium  in  a  compara- 
tively short  time,  the  agreement  between  these  numbers  is 
surprisingly  good. 

Radioactivity  and  the  Age  of  the  Earth 

The  heating  effect  of  radium  and  the  other  radioactive  sub- 
stances has  an  important  bearing  upon  the  problem  of  the  age 
of  the  earth.  You  know  that  there  has  been  a  long-standing 
controversy  between  physicists  and  geologists  about  this  prob- 
lem. There  are  two  principal  methods  of  getting  an  estimate 
of  the  earth's  age  by  physical  reasoning.  One  method  is  to  cal- 
culate the  time  required  for  the  sun  to  reach  its  present  size  by 
contraction  from  an  infinite  sphere,  radiating  the  heat  thus  pro- 
duced at  the  rate  determined  by  measiuing  the  heat  received  in 
imit  time  on  unit  surface  of  the  earth.  The  other  method  is  to 
calculate  the  time  it  would  take  the  earth  to  reach  its  present 
temperature,  or  rather  its  present  rate  of  increase  in  tempera- 
ture (about  1  deg.  cent,  in  100  feet)  downwards  from  the  surface. 
These  methods  give  as  the  limiting  age  of  the  earth  something 
between  twenty  and  sixty  million  years.  Now  this  is  altogether 
too  short  a  time  to  satisfy  geologists,  who  base  their  reasoning 
partly  on  the  fossils  found  in  the  different  geological  strata,  and 
partly  on  the  salt  content  of  the  oceans,  assuming  this  to  have 
been  brought  there  from  the  land. 

Lord  Kelvin  was  careful  to  state  that  his  low  estimate  of  the 
age  of  the  earth  depended  on  no  other  source  of  heat  energy  being 
found.  We  now  know  that  there  is  another  soiu"ce  of  heat  energy, 
and  that  is  the  heating  effect  of  radioactive  substances.  Nearly 
all  rocks  found  on  and  near  the  surface  of  the  earth  are  radioac- 
tive. The  amount  of  radium  contained  in  the  common  rocks  in 
different  parts  of  the  world  varies  between  wide  limits.  Some 
have  a  radium  content  as  low  as  1 . 2  X  10~*'  grams  of  radium  per 
gram  of  rock.  But  on  the  average,  the  surface  rocks  have  a 
radium  content  of  about  2  X  10"^^  grams  of  radium  per  gram  of 
rock;  they  also  contain  about  6  X  10"*  grams  of  uranium  and 
1 .2  X  10~*  grams  of  thorium  per  gram  of  rock.  If  it  is  assumed 
that  these  proportions  hold  throughout  the  earth,  there  would 
result,  from  the  heating  effect  of  radioactive  substances  alone, 
more  than  ten  times  the  amount  of  heat  that  is  necessary  to 
account  for  the  present  temperature  gradient  of  the  earth.  So 
it  is  probable  that  the  interior  of  the  earth  contains  far  less  radium 
than  is  indicated  by  the  surface.    As  a  result  of  the  discoveries 
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in  radioactivity,  physicists  will  now  allow  the  geologists  ail  the 
time  they  require  for  the  earth  to  have  reached  its  present  state. 

There  is  another  interesting  application  of  the  study  of  radio- 
activity to  geology.  If  the  amount  of  helium  in  a  mineral  be 
measured,  and  it  be  assumed  that  all  the  helium  is  a  result  of 
radioactive  disintegration,  a  minimum  estimate  of  the  age  of  the 
mineral  can  be  determined.  Such  estimates  lead  to  times  varying 
from  200  million  years  to  1600  million  years. 

There  is  another  subject  that  should  be  spoken  of  in  connection 
with  the  disintegration  hypothesis  we  have  been  describing. 
That  is  the  question  of  the  possibility  of  reversing  any  of  these 
radioactive  changes,  and  of  bringing  about  disintegration  in 
atoms  which  under  ordinary  circumstances  are  stable.    The  dis- 
integrations we  have  described  take  place  of  themselves.     Ex- 
ternal conditions  appear  to  have  no  effect  upon  them.  It  has  not 
been  found  possible  in  any  way  whatever  to  change  the  rate  at 
which  they  take  place.    For  example,  radium  emanation  may 
be  passed  through  a  white-hot  platinum  tube;  it  still  decays  at 
the  same  rate.    It  may  be  condensed  to  a  solid;  the  solid  emana- 
tion decays  at  the  same  rate  as  the  gaseous  emanation.    Now  the 
question  is,  is  it  possible  to  cause  the  atoms  of  substances  not 
known  to  be  radioactive  to  disintegrate?    A  few  years  ago  Sir 
William  Ramsay  announced  that  he  had  succeeded  in  producing 
lithium  in  a  solution  of  co])])cr  containing  a  large  amount  of 
radium  emanation.    The  reasoning  which  led  him  to  make  such 
an  experiment  was  this.    Radium  emanation,  in  its  disintegration, 
liberates  an  enormous  amount  of  energy  compared  to  the  energy 
involved  in  any  ordinary  chemical  change.     The   amount  of 
energy  liberated  by  one  cubic  centimeter  of  radium  emanation 
is  about  ten  million  times  the  amount  of  energy  liberated  when 
a  cubic  centimeter  of  hydrogen  is  burned.    And  the  latter  is  the 
chemical  change  which  yields  the  greatest  amount  of  energy  of 
any  ordinary  chemical  process.    If,  now,  this  energy  liberated  in 
the  disintegration  of  the  emanation  can  be  brought  to  bear  upon 
the  atoms  of  ordinary  elements,  there  might  be  a  possiblity  of  break- 
ing them  up.  A  favorable  condition  for  making  this  experiment 
is  to  have  the  emanation  in  solution  with  another  substance,  and 
Sir  William  Ramsay  thought  that  in  this  way  he  had  succeeded 
in  breaking  up  cop])er  atoms,  with  atoms  of  lithium  as  one  of 
the  products.    Tlu*  experiment  has  been  repeated  by  others,  but 
no  confirmation  of  it  has  thus  far  been  obtained.    So  we  cannot 
say  that  the  possibility  of  breaking  \\\)  an  atom  of  non-radioactive 
matter  has  been  proved. 
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Many  of  you  have  probably  seen  accounts  during  the  last  few 
weeks  of  experiments  by  Collie  and  Patterson,  in  England,  on  the 
actual  building  up  of  chemical  elements.  Their  experiments  did 
not  make  use  of  the  energy  liberated  in  the  disintegration  of  a 
radioactive  substance,  but  they  employed  the  energy  of  an  elec- 
trical discharge  through  vacuum  tubes.  In  brief,  their  experi- 
ments consisted  in  passing  electric  discharges  through  vacuum 
tubes,  breaking  up  the  glass,  and  heating  it  to  drive  off  any 
occluded  gas.  This  gas  was  then  examined  spectroscopically, 
and  it  was  found  to  contain  small  amounts  of  helium  and  neon. 
They  ascribed  the  presence  of  these  gases  to  an  actual  synthesis 
resulting  from  the  electric  current.  While  it  is  impossible  to  say 
definitely  that  their  conclusion  is  not  true,  there  are  too  many 
other  possible  ways  of  accounting  for  the  presence  of  these  gases 
to  give  us  much  confidence  in  their  experiments  as  proving  the 
synthesis  of  matter.  Inasmuch  as  the  disintegration  of  a  single 
atom  of  a  radioactive  substance  involves  the  liberation  of  a 
relatively  enormous  amount  of  energy,  one  would  expect  that 
an  equivalent  amount  of  energy  would  be  required  to  build  up 
an  atom.  So  we  must  feel  very  sceptical  about  accepting  as  true 
the  possibility  of  the  synthesis  of  matter.  The  whole  problem  is 
a  fascinating  one,  but  we  cannot  say  that  any  certain  progress 
has  been  made  in  its  solution. 

So  far,  of  the  previously  known  elements,  only  two  of  them, 
uranium  and  thorium,  have  been  found  to  have  marked  radio- 
active properties.  It  is  an  interesting  question  whether  the  other 
elements  also  are  radioactive.  We  should  rather  expect  this 
to  be  the  case.  If  we  regard  the  atoms  of  the  various  chemical 
elements  as  dynamical  systems,  we  should  expect  them  to  exhibit 
various  degrees  of  stability ;  the  elements  that  we  call  radioactive 
are  formed  of  the  least  stable  atoms;  and  the  elements  that  we 
call  non-radioactive  are  so  only  because  their  atoms  are  so  stable 
that  too  few  of  them  disintegrate  in  a  given  time  to  produce  radio- 
active effects.  It  is  known  that  other  properties  are  shared  by 
all  elements  in  varying  degrees.  Take,  for  example,  the  magnetic 
property.  All  elements  show  a  magnetic  quality,  but  it  is  only  a 
few  of  them,  notably  iron,  nickel,  and  cobalt,  that  have  this 
property  to  any  marked  extent. 

There  is  a  good  deal  of  evidence  that  the  metals  rubidium, 
potassium,  and  sodium  are  radioactive,  although  much  less  so 
than  uranium  and  thorium.  The  wide  distribution  of  radium, 
found,  as  it  is,  in  minute  quantity  in  nearly  all  minerals,  gives 


990  ADAMS:  RADIOACTIVITY  [April  2 

rise  to  the  suspicion  that  the  observed  radioactivity  of  ordinary 
materials  may  result  from  the  presence  of  a  trace  of  radium.  But 
in  the  case  of  the  three  metals  mentioned,  the  fact  that  their 
observed  activity  seems  to  be  independent  of  their  source  or 
method  of  preparation,  leads  to  the  view  that  they  are  themselves 
really  radioactive  substances.  And,  besides,  the  rays  emitted 
by  them  have  a  character  distinct  from  those  emitted  by  any  of 
the  other  known  radioactive  substances.  Great  care  is  needed 
in  making  experiments  to  determine  the  presence  of  minute 
traces  of  radioactivity ;  for  laboratories  in  which  radiiim  emana- 
tion has  been  allowed  to  escape  soon  become  contaminated  by  the 
active  deposit  that  forms  on  the  walls  and  on  all  solid  objects, 
so  that  there  is  always  the  possibility  of  getting  spurious  effects. 
In  this  lecture  I  have  attempted  to  show  that  our  old  idea  of 
the  atoms  of  the  elements  as  necessarily  permanent,  must  be 
given  up.  Instead,  we  must  look  upon  the  atoms  of  the  radioac- 
tive elements  as  unstable  dynamical  systems.  And,  probably, 
the  atoms  of  all  elements  must  be  thought  of  in  the  same 
way.  Those  which  appear  to  be  non-radioactive  may  be 
thought  of  as  formed  of  relatively  stable  atoms,  disintegrating 
at  too  slow  a  rate  to  make  it  possible,  by  any  means  we  now  know, 
to  detect  radioactive  effects  from  them.  This  view  involves  no 
violation  of  the  principle  of  the  conservation  of  energy.  The 
energy  cnrttcd  by  the  radioactive  substances  in  the  three  kinds 
of  rays  is  drawn  from  the  internal  supply  of  energy  of  the  atoms. 

LECTURE  III 

The  i)urpose  of  this  lecture  was  to  illustrate  by  ex|x?riment 
some  of  the  phenomena  described  in  the  previous  lectures,  and  to 
j^ive  a  little  fuller  account  of  some  of  the  subjects  touched  upon. 
The  first  experiments  shown  had  for  their  object  the  illustra- 
tion of  the  chief  characteristics  of  the  cathode  rays.    By  means 


c 
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of  an  induction  coil  an  elc(^tric  discharge  was  maintained  in  a 
tube  of  the  form  illustrated  herewith.  C  is  the  cathode  and  A 
the  anode.  />i,  D^  are  two  diaphragms  with  small  holes  which 
serve  to  limit  the  beam  of  cathode  rays,  so  that  they  produce 
a  spot  of  light  on  the  j^hosphorescent  screen,  S.    By  bringing 


19131  ADAMS:  RADIOACTIVITY  991 

a  magnet  near  the  tube  the  spot  of  light  was  made  to  move  over 
the  phosphorescent  screen.  The  direction  in  which  the  spot 
moved  was  shown  to  be  what  one  would  expect  if  the  cathode 
stream  is  a  flow  of  negatively  charged  particles,  travelling  from  . 
left  to  right.  For  example,  when  the  north  pole  of  the  magnet 
was  brought  near  to,  and  above  the  tube,  the  spot  moved  for- 
wards; when  the  north  pole  of  the  magnet  was  brought  in  front 
of  the  tube  the  spot  moved  down.  In  its  undeflected  position 
the  spot  of  light  was  a  small  circular  area.  In  its  deflected 
position  it  had  broadened  out  to  a  band.  This  was  accounted 
for  by  the  differences  in  the  velocities  of  the  particles.  Recalling 
the  expression  for  the  deflection  of  a  charged  particle  in  a  mag- 
netic field  ^         ,, 

H—  =  ~ 
m        p 

it  is  seen  that  the  faster  moving  particles  are  less  deflected  than 
the  slow  moving  particles.  As  the  cathode  particles  are  shot 
out  with  all  velocities  within  a  certain  range,  the  result  is  to 
broaden  the  spot  of  light  into  a  band  when  a  magnetic  field  is 

^n-r,,,,^^^^^^^  applied. 

SL  '^'^^'^^^^^^'^^^^^^^T^'^        A  tube  of  different  form,  as  in  the 

HT    'jjj: -S~SS::-^=j£^  accompanying    illustration,    was    next 

^««     '*Tii^  shown,  which  contained  an  obstacle,  in 

fh  the  form  of  a  cross  which  could  be  raised 

mI^   in?k  ^^  lowered.    When   it   was   down,  the 

^^    "'■^  cathode    particles,    striking    the    glass, 

produced  a  greenish-yellow  jDhosphorescence.  It  was  the  simi- 
larity between  this  light,  and  the  light  emitted  by  certain 
uranium  compounds  after  exposure  to  sunlight,  that  led 
Becquerel  to  make  the  first  discovery  of  radioactive  phenomena. 
When  the  cross  was  rnised  its  shadow  was  seen  as  a  dark 
region  on  the  glass,  since  the  obstacle  prevented  the  particles 
from  striking  the  glass. 

Next  were  shown  experiments  illustrating  the  conductivity 
of  air  traversed  by  the  rays  from  radioactive  substances.  The 
electric  currents  passing  through  the  air  were  measured  by  the 
rate  of  discharge  of  a  parallel  plate  condenser  when  a  radio- 
active substance  was  spread  on  the  lower  plate.  And  this  was 
given  by  the  rate  of  fall  of  potential  of  the  insulated  plate,  when 
the  other  plate  was  charged  to  a  definite  potential.  The  current 
is  given  by  ^y 
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where  C  is  the  capacity  of  the  condenser,  together  with  that  of 
the  electrometer  and  the  connecting  wire.  In  the  experiment  this 
capacity  was  about  100  in  electrostatic  units.  The  electrometer 
had  a  sensitiveness  such  that  a  potential  difference  of  one  volt 
produced  a  deflection  of  about  1000  divisions  on  the  scale. 
Thus  when  the  electrometer  needle  moved  ten  divisions  a  second, 
the  current  flowing  through  the  air  was  roughly  10~"  amperes. 
It  is  feasible  to  measure,  by  this  method,  currents  as  low  as 
10~"  amperes. 

Some  uranium  oxide  was  spread  on  the  lower  plate  of  the 
condenser  and  the  motion  of  the  spot  of  light  over  the  scale 
determined.  Then  some  of  the  powdered  mineral  pitchblende 
was  tested  and  the  spot  of  light  moved  about  four  times  as 
fast,  indicating  that  the  radioactivity  of  pitchblende  is  about  four 
times  that  of  uranium  oxide.  A  tube  of  radium,  lent  by  Dr. 
Kunz,  was  then  placed  in  the  condenser  and  the  spot  of  light 
rapidly  moved  off  the  scale.  In  this  case  the  conductivity 
produced  was  due  to  the  beta  and  gamma  rays,  since  the  alpha 
rays  were  absorbed  in  the  containing  tube.  With  an  uncovered 
radioactive  substance  it  is  the  alpha  rays  that  produce  the 
greater  part  of  the  conductivity. 

The  conductivity  of  air  containing  radium  emanation  was 
then  shown.  For  this,  a  brass  cylinder,  connected  to  a  120- 
volt  direct-current  circuit,  was  employed.  Insulated  from  the 
cylinder,  and  connected  to  the  electrometer,  was  a  wire  inside  tlie 
cylinder.  When  radium  emanation  was  introduced  into  the 
cylinder,  by  bubbling  air  through  a  solution  of  radium,  and 
blowing  it  into  the  cylinder,  a  very  large  increase  in  tlie  rate 
of  motion  of  the  electrometer  needle  was  seen. 

I 'in  ally  the  ])henomenon  of  excited  or  induced  radioactivity 
was  illustrated.  A  wire,  charged  to  a  negative  potential,  was 
suspended  in  a  cylinder  containing  radium  emanation,  for  two 
or  three  minutes,  and  then  taken  out,  and  its  activity  measured 
in  the  condenser  used  in  the  first  experiments  on  radioactivity. 
It  was  found  that  the  wire  had  a  definite  activity  to  begin  with, 
and  observations  a  few  minutes  apart  showed  that  its  radioactiv- 
ity gradually  decayed. 

There  are  some  points  in  connection  \\dth  the  previous  lectures 
about  which  more  should  be  said.  We  have  seen  that  a  wire 
placed  in  radium  emanation  becomes  radioactive  itself,  and 
this  was  explained  as  caused  by  the  deposition  on  the  wire  of 
solid  particles  of  radium  A  resulting  from  the  expulsion  of  an 
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alpha  particle  from  the  atom  of  radium  emanation.  As  the 
alpha  particle  is  positively  charged,  we  should  expect  the  atoms 
of  radium  ^  to  be  negatively  charged,  and  therefore  to  tend  to 
concentrate  on  positively  charged  surfaces.  Exactly  the  opposite 
is  found  to  be  the  case.  More  of  the  active  deposit  forms  on  a 
negatively  charged  surface  than  on  a  positively  charged  surface, 
other  conditions  being  the  same.  This  difficulty  has  been  cleared 
up  by  the  discovery  of  what  are  called  "delta  "  rays.  These  are 
negatively  charged  particles,  which  travel  at  too  low  a  velocity 
to  produce  any  ionizing  effects,  and  which  always  accompany  the 
emission  of  alpha  particles.  They  were  found  in  this  way. 
Suppose  a  radioactive  substance,  like  polonium,  which  emits 
alpha  rays,  but  no  beta  rays,  is  placed  opposite  a  metal  plate, 
in  a  very  high  vacuum,  so  that  the  alpha  particles  will  strike  the 
metal  plate  without,  on  the  way,  hitting  any  air  molecules  to 
ionize.  We  should  expect  the  metal  plate  to  receive  a  positive 
charge — the  product  of  the  charge  of  the  alpha  particle  by  the 
number  of  particles  that  strike  it.  It  is  found,  however,  when 
the  experiment  is  made,  that  the  metal  plate  does  not  get 
positively  charged.  However,  by  applying  a  weak  magnetic 
field  in  a  direction  parallel  to  the  plate,  the  latter  receives  a 
positive  charge.  This  is  exactly  the  effect  that  would  be  pro- 
duced if,  with  the  positively  charged  alpha  particles,  negative 
particles  are  emitted.  These  delta  rays  travel  with  so  low  a 
velocity  as  not  to  produce  any  appreciable  ionization;  they  are 
of  the  same  nature  as  the  beta  particles  except  that  their  velocity 
is  so  small  that  they  are  very  readily  deflected  by  a  magnetic 
field.  If,  then,  when  an  atom  of  radium  emanation  disintegrates, 
with  the  expulsion  of  an  alpha  particle,  it  also  expels  a  sufficient 
number  of  delta  particles,  the  atom  of  radium  A  will  be  positively 
charged,  and  will  therefore  travel  to  the  negative  electrode. 

The  law  of  decay  that  has  been  found  experimentally  for  a 
single   radioactive   substance, 

we  have  seen,  can  be  deduced  from  the  assumption  that  the 
number  of  atoms  that  disintegrate  in  a  second  is  proportional  to 
the  whole  number  present.  This  may  be  looked  at  from  another 
point  of  view.  We  may  regard  each  of  the  atoms  of  a  radio- 
active substance  as  equally  likely  to  disintegrate.  Not  knowing 
the  circumstances  that  cause  an  atom  to  disintegrate,  and 
not  being  able  to  follow  each  atom  throughout  its  whole  life, 
we  have  to  make  use  of  the  method  of  the  calculus  of  proba- 


d94  ADA  At S:  kADIOACTIVlTY  [April  2 

bilities  in  its  simplest  form.  The  calculus  of  probabilities  is, 
perhaps,  the  most  powerful  mathematical  method  we  have  for 
dealing  with  problems  involving  atoms  or  molecules.  Its  just- 
ification lies  in  its  success  in  accounting  for  many  phenomena. 
The  atoms  all  being  equally  likely  to  disintegrate,  the  nimiber 
that  do  so  will  be  proportional  to  the  whole  number.  We  might 
look  upon  the  atoms  as  kernels  of  com;  the  disintegration  of 
an  atom  as  the  popping  of  a  kernel.  The  illustration  is  not 
perfect,  because  as  the  com  gets  hotter  the  rate  of  popping 
increases.  But  there  is  a  stage  which  lasts  for  some  minutes, 
at  which  the  popping  occurs  fairly  regularly.  Now  it  is  obvious 
that  with  only  a  few  kernels  to  begin  with,  there  would  be  no 
regularity  in  the  popping.  One  kernel  woidd  pop,  then  several 
seconds  might  elapse  and  a  number  of  them  would  pop  almost 
simultaneously,  and  then  there  might  be  a  fairly  long  interval 
before  another  one  popped.  But  with  a  very  large  number  of 
kernels  to  begin  with,  the  irregularities  are  smoothed  out.  In 
the  steady  state  referred  to,  as  many  kernels  pop  in  one  second 
as  in  the  succeeding  one.  Thus  with  a  very  large  nimiber  of 
kernels,  probability  becomes  certainty.  So  it  is  in  the  familiar 
illustration  of  chance  as  applied  to  drawing  a  certain  card  from  a 
pack.  The  probability  of  drawing  a  certain  card  at  one  trial  is 
the  ratio  1/52.  But  every  one  knows  that  it  rarely  happens  that 
out  of  52  trials  the  given  card  is  drawn  once  and  only  once. 
It  may  not  be  drawn  at  all,  or  it  may  be  drawn  many  times.  If, 
however,  there  be  a  very  large  number  of  obser\'ers,  each  with  a 
pack  of  cards,  all  drawing  together,  the  likelihood  that  one  out  of 
every  52  will  draw  the  ^ven  card  beex>nies  very  much  increased; 
so  that  with  an  enoniious  luimlKT  of  observers,  this  probability 
becomes  a  certainty. 

The  method,  descril^ed  in  the  first  lecture,  of  counting  the 
number  of  alpha  particles  emitted  by  a  radioactive  substance, 
furnishes  a  good  illustration  of  this  point.  If  the  opening, 
through  which  the  j^article^s  enter  the  ionization  chamber,  is 
made  very  small,  then  the  ratio  of  the  whole  number  that  enter 
to  the  whole  number  emitted,  is  ver\'  small.  The  result  is  that 
the  particles  do  not  enter  at  equal  time  intervals.  One  particle 
enters,  some  seconds  may  elapse,  and  then  two  or  more  particles 
may  enter  almost  simultaneously.  So,  to  get  definite  results 
obser\'ations  must  be  taken  during  a  long  time;  the  longer  the 
time  during  which  observations  are  made,  the  more  acc\irate  are 
the  results  in  giving  the  rate  at  which  the  particles  enter. 
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Now  even  in  what  we  call  infinitesimal  amounts  of  matter 
there  are  enormous  numbers  of  atoms.  Therefore  the  prob- 
ability that  a  certain  fraction  of  them  will  disintegrate  in  a 
given  time  becomes  a  certainty  that  they  will  do  so. 

The  particular  fraction  is  the  quantity  X  which  is  characteristic 
of  each  substance.  For  a  substance  which  is  not  at  all  radio- 
active X  is  zero.  The  greater  X  the  more  radioactive  the  sub- 
stance. We  have  seen  that  the  time  required  for  a  substance  to 
disintegrate  to  one-half  its  initial  value  is  related  to  X  by 
the  equation 

0.693 


Another  interpretation  of  this  important  quantity  is  that  its 
reciprocal  tells  us  the  average  life  of  an  atom.  For  if  we  start 
with  No  atoms,  the  number  at  any  time,  /,  will  be 

The  average  life  of  an  atom  is  therefore 


The  meaning  of  **  radioactive  equilibrium  "  may  require  a 
little  more  explanation.  Let  us  consider  what  is  meant  by 
saying  that  in  a  mineral  containing  tiranium,  equilibrium  exists 
between  the  iu*anium  and  all  its  products.  By  referring  to  the 
chart  which  gives  a  representation  of  the  whole  known  series  of 
disintegrations,  we  see  that  uranium  has  a  far  longer  life  than 
any  of  its  radioactive  products.  If  we  began  with  uranium  and 
could  remove  all  of  its  products  from  it,  the  latter  would  begin 
to  form  at  once,  and  after  a  long  enough  time  had  elapsed,  as 
many  atoms  of  one  of  the  products  would  form,  in  a  given  time, 
as  disintegrated  in  the  same  time.  Uranium  would  then  be  in 
equilibrium  with  its  products.  Since  the  uranium  itself  is 
breaking  down,  and,  so  far  as  we  know,  is  not  being  continually 
formed  from  any  element  of  higher  atomic  weight,  the  uranium 
itself  would  not  be  in  equilibrium. 

If  there  are  two  successive  products,  1  and  2,  so  that  2  is 
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formed  by  the  disintegration  of  1,  the  rate  of  increase  of  atoms 
of  2  will  be  given  by 


dNt 
dt 


=  Xi  iVi  -  Xj  Nt 


for  Xi  iVi  is  the  number  of  atoms  of  1  that  break  down  a  second; 
that  is,  the  rate  of  formation  of  atoms  of  2;  \%  N%  is  the  rate 
of  disintegration  of  atoms  of  2.  So  the  difference  gives  the  net 
rate  of  increase  of  2.    If  there  is  radioactive  equilibrium  between 

1  and  2,  dN^/dt  =  0;  that  is,  the  number  of  atoms  of  2  that 
form  from  1  per  second  must  be  equal  to  the  number  of  atoms  of 

2  that  disappear  per  second.    So  that 

Xi  Ni  =  Xj  N2 
or  \ 

A2 

If  A I  and  A  2  are  the  atomic  weights  of  the  two  products,  the 
mass  of  1,  iV/i,  in  equilibrium  with  a  mass  Mi  of  2  will  be 

M,  =  ^  4l  m. 

X2    A I 

or  if  Ti  and  T2  arc  the  times  for  1  and  2  to  be  half  transfonned, 
we  can  write  this 

If    _     ^2      A 2     ,f 

i  1         A  I 

By  the  use  of  tliis  equation  wc  can  find  the  amount  of  any  pro- 
duct in  equilibrium  with  its  parent.  Suppose  we  have  a  mineral 
containing  one  gram  of  radium.  The  amounts  of  the  various 
products  in  equilibrium  with  this  will  then  be  given  by  the 
successive  applications  of  this  equation.  In  this  way  we  can 
calculate  the  following  table: 


Xaine 

A 

T 

M  grams 

Radium 

226 . 4 

2000 

yr- 

1 

Emanation 

222 . 4 

3.85  days 

5  2  10  « 

Radium  A 

218  4 

3 

min. 

2.8  10-» 

Radium  B 

214.4 

2() .  8 

min. 

2  4  10-» 

Radium  C 

214   4 

19.  r» 

min. 

18  10-« 

Radium  1) 

210  4 

10  5 

\T. 

7  9  10-» 

Radium  K 

210  4 

5 

davs 

G.5  10-* 

Radium  F 

210.4 

VMS 

days 

18  10-* 
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We  see  that  in  a  mineral  containing  one  gram  of  radium 
we  must  expect  to  find  1 . 8  X  10~*  grams  of  polonium  (radium  F). 
The  amount  of  the  latter  which  can  be  obtained  is  therefore 
extremely  small. 

It  is  found  that  in  a  mineral  containing  one  gram  of  uranium 
there  is  an  amount  of  radium  equal  to  3.4  X  10~^  grams.  So, 
in  order  to  find  the  amoimt  of  any  of  the  products  of  radium  in 
equilibrium  with  one  gram  of  uranium,  we  need  only  multiply 
the  numbers  in  the  last  column  of  the  above  table  by  3 . 4  X  10~^. 

We  must  believe  that  each  member  of  the  uranium  series, 
and  also  each  member  of  the  thorium  and  actinium  series,  is 
a  definite  chemical  element,  with  definite  chemical  properties 
and  a  definite  spectrum.  The  reason  why  the  properties  of  so 
few  of  these  elements  are  known  is  now  seen  to  be  the  result 
of  the  very  minute  amounts  of  them  that  are  available.  In  the 
uranium  series,  we  have  fairly  complete  knowledge  of  the 
chemical  properties  and  the  spectra  of  uranium,  radium,  and 
the  emanation.  There  is  some  evidence,  also,  of  a  definite 
spectrum  belonging  to  radivmi  F  (polonium).  Many  of  the 
chemical  properties  of  the  other  members  of  this  series  are 
known,  but  this  knowledge  is  by  no  means  complete. 

A  great  deal  of  interest  has  been  aroused  in  the  medical 
applications  of  radium.  So  far  as  we  know,  there  is  no  other 
practical  use  for  it.  The  rays  emitted  by  radium  produce  burns 
which  are  similar  to  those  produced  by  ultra-violet  light  and 
the  Rontgen  rays,  and  it  is  to  be  expected  that  they  should 
possess  a  therapeutic  value.  I  am  not  able  to  speak  with  any 
authority  on  this  subject,  but  it  is  a  fact  that  a  good  deal  of  work 
is  being  done— particularly  in  England  and  on  the  continent— 
along  these  lines,  and  announcements  of  success  in  the  applica- 
tion of  radium  and  the  radium  emanation  are  frequently  made. 
Progress  in  this  direction  is  retarded  by  the  small  amount  of 
radium  which  is  available.  The  principal  source  of  radium  is  the 
mineral  pitchblende,  and  the  chief  known  deposits  of  this 
mineral  are  owned  by  the  Austrian  government,  which  also 
controls  the  manufacture  of  radium  from  it. 

In  conclusion  I  am  going  to  give  an  approximate  calculation 
of  the  amount  of  energy  set  free  when  one  gram  of  uranium  is 
transformed  into  the  last  member  of  the  series,  which  we  may  take 
to  be  lead.  In  this  transfonnation  eight  alpha  particles  are 
emitted,  with  an  average  velocity  of 

V  =  1.68  X  10*  cm.  per  second 
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The  mass  o£  an  alpha  particle  is  fotir  times  the  mass  of  an 
atom  of  hydrogen,  or  w  =  4  X  1.7  X  10"**. 

Thus  the  average  kinetic  energy  of  the  alpha  particles  emitted 
by  uranium  is  J  w  v*,  or 

9.6XlO-«ergs 

and  the  kinetic  energy  of  the  eight  alpha  particles  is  therefore 

7 . 7  X  10-»  ergs. 

This  is  the  energy  set  free  when  one  atom  of  uranitmi  breaks 
down  into  lead.    In  one  gram  of  uranium  there  are 


=  2.5  X  10*^  atoms. 


238.5  X  1.7  X  10-" 


Therefore  the  energy  set  free  when  one  gram  of  uranium  turns 
to  lead  is  7.7  X  lO"*  X  2.5X10"  =  1.9  X  10"  ergs. 

Now  suppose  it  were  possible  enormously  to  increase  the  rate 
at  which  this  change  takes  place.  Instead  of  millions  of  years, 
suppose  it  took  place  in  one  second.  The  rate  at  which  work 
would  be  done  is  then 


=  2.5  X  10'  horse-power. 


7.46  X  10« 


Uranium  thus  has  an  enormous  store  of  energy  contained  in 
its  atoms.  We  must  believe  that  all  the  elements  contain  equiva- 
lent amounts  of  energy  in  their  atoms.  But  no  means  is  known 
of  drawing  upon  this  supply  of  energy,  nor  even  of  hastening  its 
liberation  from  those  elements  which  do  disintegrate  spontan- 
eously. 

It  is  the  province  of  science  to  discover  the  laws  of  nature; 
the  province  of  engineering  is  to  apply  them.  And  therefore  we 
must  leave  to  the  engineers  the  problem  of  making  use  of  this 
enormous  store  of  energy  concealed  in  the  atoms  of  all  matter. 
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LECTURE  IV 

I  am  going  to  speak  of  a  discovery  connected  with  radioactivity 
which  is  of  very  far  reaching  importance.  It  has  to  do  with  the 
dependence  of  the  mass  of  a  corpuscle,  or  electron,  upon  its 
velocity.  The  bare  statement  of  this  discovery  is  startling  when 
viewed  from  the  standpoint  of  our  customary  ideas  about  matter. 
We  are  accustomed  to  look  upon  mass  as  an  unalterable  attribute 
of  matter.  Newton's  laws  of  motion — which  are  the  foundation 
upon  which  the  science  of  mechanics  rests — are  based  upon  the 
idea  of  the  constancy  of  mass. 

The  conception  we  have  formed  up  to  this  point  of  a  corpuscle 
— or  an  electrons-is  that  it  is  a  particle  of  matter  charged  with 
electricity.  This  conception  involves  two  unknown  quantities — 
matter  and  electricity.  We  all  think  we  know  what  matter  is. 
We  are  so  familar  with  matter  in  its  various  forms  that  we  are 
inclined  to  think  it  needs  no  explanation.  Of  electricity,  on  the 
other  hand,  we  think  we  know  less.  Familiarity  with  electric 
phenomena  comes  into  our  lives  much  later  than  familiarity  with 
matter,  so  that  we  feel  that  electricity  is  a  mystery  compared  to 
matter.  It  is  worth  considering  very  briefly  whether  this  is  so  or 
not — whether  matter  is  really  a  simpler  conception  than  electri- 
city. According  to  chemists  we  have  to  assimie  some  eighty  or 
ninety  different  kinds  of  matter — the  different  chemical  elements 
— so  that  matter  is  not  a  simple  conception,  by  any  means.  But 
more  than  this,  for  a  material  view  of  the  universe  we  have  to 
assume  the  existence  of  another  kind  of  matter  which  differs 
in  its  properties  from  any  kind  of  matter  that  we  are  familiar 
with — the  ether.  It  is  true  that  Lord  Kelvin's  model  for  an  ether 
formed  of  interlocking  cog-wheels  does  help  us  in  realizing  the 
possibility  of  the  existence  of  a  substance  with  the  apparently 
contradictory  properties  that  the  ether  must  have  to  fulfill  its 
requirements.  And,  from  another  point  of  view,  the  attempt  has 
been  made  to  conceive  of  the  atoms  of  the  various  chemical 
elements  as  built  up  of  the  ether.  The  best  known  of  these 
hypotheses  is  the  vortex-atom  hypothesis  of  Lord  Kelvin.  As- 
suming the  ether  to  be  a  perfect  fluid,  a  vortex  ring  formed  in  it 
would  have  the  one  essential  quality  we  had  always  believed  the 
atoms  to  have,  absolute  permanency.  But,  with  the  discoveries 
in  radioactivity,  that  is  no  longer  an  essential,  as  we  have  seen. 
The  difficulties  in  the  mathematical  analysis  involved  in  working 
out  to  its  conclusion  this  hypothesis  are  too  great  for  our  present 
methods,  and  so  it  has  remained  pierely  a  suggestion.    As  for 
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the  problem  of  interpreting  electricity  in  terms  of  matter,  that, 
too,  has  remained  unsolved.  We  may  speak  of  an  electric  charge 
as  a  singular  point  in  the  ether — a  center  of  strain — but  that  is 
not  an  easy  conception  to  form.  And  then  again  we  have  the 
baffling  problem  of  gravitation.  We  know  no  more  today  why  the 
apple  falls  than  Newton  did. 

What  I  wish  to  emphasize  in  all  this  is,  that  the  attempt  to 
reduce  the  physical  universe  to  its  lowest  terms  in  the  form  of 
matter  has  not  been  very  successful,  and  while  I  believe  that  much 
more  progress  can  and  will  be  made  in  this  direction,  for  the  pres- 
ent we  seem  to  have  reached  a  point  at  which  we  do  not  know 
where  to  turn  to  make  this  progress. 

Suppose,  then,  that  of  our  two  unknown  quantities  in  the  con- 
ception of  an  electron,  matter  and  electricity,  we  try  to  explain 
matter  in  terms  of  electricity.  For  this  purpose  electricity  is  a 
conception  that  we  do  not  need  to  explain.  It  is  our  fundamental 
conception  from  which  we  are  going  to  attempt  to  derive  matter 
and  the  physical  universe  in  general.  It  is  difficult  to  make  myself 
clear  on  this  subject — ^mainly  because  it  is  not  easy  for  me  to 
conceive  of  electricity  not  associated  with  matter.  It  is  hard  to 
form  a  conception  of  anything  being  more  fundamental  than 
matter.  But  for  the  purpose  of  building  up  a  logical  scheme  for 
the  universe  we  must  try  not  to  let  our  inherent  prejudices  blind 
us  to  accepting  another  possibility.  And  by  continual  thinking 
along  these  lines  the  time  may  come  when  electricity  will  seem 
just  as  simple  a  conception  to  us  as  matter  does  now. 

The  goal  towards  which  science  aims  is  the  reduction  of  the 
physical  universe,  and  all  the  processes  going  on  in  it,  to  the  lowest 
terms,  and  for  this  object  it  makes  no  difference  whether  we  take 
electricity  or  matter  as  fundamental.  If  we  find  that  we  can 
get  a  consistent  scheme  for  interpreting  all  the  universe  in  terms 
of  electricity,  then  electricity  will  be  the  fundamental  conception 
— and  when  that  is  done  it  will  be  time  enough  to  see  whether  we 
can  go  back  of  our  conception  of  electricity.  I  do  not  wish  to 
be  understood  as  promising  to  exhibit  to  you  any  such  complete 
scheme,  but  I  shall  try  to  make  clear  to  you  the  trend  of  a  large 
part  of  modem  physics. 

The  smallest  electric  charge  that  has  ever  been  determined 
is  the  charge  on  an  electron — or  corpuscle.  And  the  smallest 
mass  that  has  ever  been  determined  is  the  mass  of  an  electron  or 
corpuscle.  Our  first  question,  then,  is,  can  we  interpret  the  mass 
of  a  corpuscle  in  terms  of  its  electric  charge? 
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Suppose,  then,  that  we  have  what  we  may  call  a  particle  of 
electricity.  Two  such  particles  will  repel  each  other  with  a  force 
inversely  as  the  square  of  the  distance  between  them.  We  cannot 
make  the  experiment  of  measuring  the  force  between  two  particles 
of  electricity — we  can  only  measure  the  force  between  two  bits 
of  matter  that  are  charged  with  electricity.  But  we  first  of  all 
make  the  hypothesis  that  the  force  which  we  can  measure  is  a 
force  between  the  electric  charges.  Now  merely  to  say  that  there 
is  a  force  between  two  particles  of  electricity  does  not  satisfy 
us.  Our  minds  are  so  constituted  that  we  must  form  a  picture  of 
something  which  will  transmit  this  force.  We  cannot,  to  be 
consistent  with  the  view  we  are  now  considering,  asstime  a 
material  medium — an  ether — pervading  all  space.  For  that  is 
equivalent  to  assuming  a  kind  of  matter  as  a  fundamental  con- 
ception— and  we  are  going  to  try  to  get  rid  of  that  idea.  So 
we  must  imagine  another  way  of  forming  a  mental  image  of  the 
action  between  the  two  particles  of  electricity.  Let  us,  therefore, 
follow  Faraday  in  assuming  that  every  particle  of  electricity 
carries  with  it  lines  of  force.  What  these  lines  of  force  are  we  can- 
not say  any  more  than  we  can  say  what  electricity  is.  They  are 
to  be  for  our  theory  just  as  fundamental  a  conception  as  elec- 
tricity itself;  they  are  a  ])art  of  the  electric  charge.  It  was  proved 
by  Maxwell  that  all  the  forces  between  charged  bodies  can  be 
interpreted  as  resulting  from  a  tension  along  the  lines  of  torce 
and  a  repulsion  perpendicular  to  them .  We  shall  therefore  assume 
that  the  lines  of  force  carried  by  every  particle  of  electricity  have 
this  property — of  being  in  a  state  of  tension,  like  so  many 
stretched  elastic  bands — and  also  of  repelling  each  other  sideways. 

I^t  us  now  consider  a  corpuscle  in  motion  along  a  straight 
line.  We  first  suppose  that  the  velocity  of  the  corpuscle  is  small 
compared  to  the  velocity  of  light.  Under  this  condition  the  lines 
of  force  will  end  on  the  corpuscle  uniformly  in  all  directions.  As 
we  cannot  suppose  that  a  finite  number  of  lines  of  force  end  in  a 
mere  mathematical  point  we  shall  suppose  the  corpuscle  to  be  a 
sphere  of  radius  a,  with  the  lines  of  force  along  the  radii  of  the 
sphere.  This  leads  to  a  very  serious  difficulty.  If  we  regard  a 
corpuscle  as  a  very  small,  but  finite,  volume  of  electricity,  what 
is  it  that  keeps  it  together?  If  we  apply  what  we  know  to  be  the 
force  between  two  charged  particles  of  matter  to  the  elements 
into  which  the  finite  volume  of  a  corpuscle  may  be  divided,  these 
elements  will  repel  each  other,  and  the  corpuscle  will  fly  apart. 
But  since  all  we  really  know  anything  of  is  the  force  between 
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particles  of  matter  containing  very  many  corpuscles,  we  are  not 
necessarily  obliged  to  assume  the  same  law  of  force  between  the 
elements  of  a  corpuscle.  An  electric  charge  in  motion  is  an  elec- 
tric current.  An  electric  current  produces  a  magnetic  force,  and 
by  Ampere's  law  the  strength  of  the  magnetic  force  is  at  any 
point  equal  to 

e  vsin  9 


H  = 


f« 


where  e  =  charge,  v  its  velocity,  r  the  line  from  the  instantaneous 
position  of  the  charge  to  the  point  at  which  the  magnetic  force 
is  required,  ^fl  the  angle  between  r  and  i'.  Now  it  is  known 
that  the  whole  amount  of  work  we  have  to  do  in  order  to  set  up  a 
magnetic  field  is 


■  m 
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As  we  suppose  the  corpuscle  to  be  moving  with  a  velocity 
small  compared  to  that  of  light,  everything  will  be  sym- 
metrical about  it,  and  we  may  write  this  expression 


W 


.|^j:'X„...,ri;=- 


In  terms  of  mass,  the  amount  of  work  we  would  have  to  do  to 
get  a  particle  of  mass,  w,  moving  with  velocity  v,  is 


Thus  we  must  put 
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We  have  therefore  interpreted  the  mass  of  a  corpuscle  in  terms 
of  its  electric  charge. 
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It  should  be  said  that  there  are  other  expressions  for  the  mass 
of  a  corpuscle  in  terms  of  its  charge  which  differ  from  the  one  we 
have  obtained.  The  difference  arises  from  the  conception  we 
form  of  a  corpuscle.  But  they  are  all  of  this  same  form — pro- 
portional to  the  square  of  the  charge  and  inversely  proportional 
to  a  length,  which  we  may  call  the  radius  of  the  corpuscle. 

The  expression  we  have  just  obtained  holds  only  when  the 
velocity  of  the  corpuscle  is  small  compared  to  the  velocity  of 
light.  When  the  velocity  is  comparable  to  that  of  light  the  lines 
of  force  are  no  longer  symmetrical  with  respect  to  the  corpuscle 
and  so  our  simple  method  of  calculating  the  energy  of  the  motion 
can  no  longer  be  applied.  I  fear  you  will  not  care  to  follow  me 
through  the  rather  involved  mathematics  that  is  required  to  work 
out  the  case  of  a  corpuscle  travelling  with  high  velocity .  There  are 
in  fact  several  different  theories  arising  from  different  concep- 
tions of  a  corpuscle.  But  all  theories  agree  in  showing  that  what 
we  have  defined  as  the  mass  of  a  corpuscle  increases  very  rapidly 
with  its  velocity,  and  approaches  infinity  when  the  corpuscle 
has  a  velocity  equal  to  that  of  light.  In  other  words,  it  would 
require  an  infinite  force  to  get  a  corpuscle  moving  with  the  veloc- 
ity of  light. 

It  is  here  that  we  must  appeal  to  experiment  to  test  the 
validity  of  these  views.  We  have  seen  how  it  is  possible  to  mea- 
sure the  ratio  e/m  for  the  corpuscles,  and  v,  their  velocity,  by 
deflecting  them  from  their  straight  line  paths  in  magnetic  and 
electric  fields.  Radium  emits  corpuscles — the  beta  rays — and 
there  is  a  wide  range  in  their  velocity  of  emission.  Experiments 
to  show  a  connection  between  e/m  and  v  for  the  beta  particles 
from  radium  were  first  made  by  Kauffmann.  The  experiments 
have  been  repeated  by  others,  using  also  the  cathode  particles 
in  vacuum  tubes.  All  these  experiments  show  that  the  ratio  e/m 
decreases  with  increasing  velocity  of  the  particles.  For  example, 
Kauff mann  found  that  for  a  corpuscle  travelling  with  a  velocity 
2.83  X  lO^'^cm.  per  second  the  value  oie/m  was  0.62  X  10^  while 
for  a  corpuscle  having  the  smaller  velocity  2.36  X  10^*^  cm.  per 
second,  e/m  =  1.31  X  10^.  In  other  words  e/m  was  more  than 
halved  for  an  increase  in  velocity  of  only  20  per  cent.  Now  on  the 
view  that  electricity  is  our  fundamental  conception  we  must 
suppose  that «,  the  charge  of  the  corpuscle,  remains  constant,  so 
that  the  decrease  of  e/m  with  increasing  velocity  means  an  in- 
crease of  the  mass  of  the  corpuscle  as  its  velocity  increases.  This 
is  what  theory  demands,  but  the  experimental  results  that  h&ve 
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SO  far  been  obtained  are  not  certain  enough  to  enable  us  to  decide 
absolutely  in  favor  of  any  one  of  the  various  theories  that  have 
been  developed  to  account  for  these  effects.    But  we  can  say  that 
it  appears  probable  that  the  mass  of  a  corpuscle  or  electron  can 
be  interpreted  as  resulting  from  the  motion  of  an  electric  charge. 
Before  leaving  this  subject  something  shoidd  be  said  about 
another  possible  explanation  of  the  increase  in  mass  of  a  corpuscle 
with  its  velocity.    That  is  a  proved  experimental  result,  unless 
we  are  willing  to  suppose  that  the  electric  charge  diminishes  with 
increasing  velocity.    What  is  measured  is  the  ratio  e/m\  this  is 
found  to  diminish  with  increasing  velocity,  so  that  either  the  mass 
increases  or  the  charge  decreases.     Well,  now,  in  no  view  of 
matter — ^whether  we  take  matter  or  electricity  as  a  fundamental 
conception — ^is  there  anything  else  that  would  lead   us   to  a 
possible  connection  between  an  electric  charge  and  its  velocity. 
We  have  seen  that  there  is  such  a  connection  between  mass  and 
velocity  in  the  view  we  have  described,  and  there  is  also  a  con- 
nection between  mass  and  velocity  in  our  older  view  of  regarding 
matter  as  the  fundamental  conception.    This  connection  can  be 
illustrated  by  a  very  simple  analogy.    Suppose  we  have  a  solid 
sphere  whose  mass  is  w,  moving  in  a  fluid.    The  fluid  is  supposed 
to  be  perfect,  so  that  there  is  no  loss  of  energy  in  friction.    The 
work  we  would  have  to  do  to  get  the  sphere  moving  with  velocity 
v  is  1/2  m  v^  if  there  were  no  fluid.    But  the  sphere  sets  the  fluid 
in  motion,  pushing  it  out  in  front.    The  calculation  of  the  energy 
ot  this  fluid  motion  is  one  of  the  simple  problems  of  hydrodynamics ; 
the  result  is  that  the  energy  of  the  fluid  motion  is  \m\  r',  where 
Wi  is  the  mass  of  a  volume  of  fluid  equal  to  one-half  the  volume 
of  the  sphere.    Everything  will  then  be  just  the  same  as  if  the 
fluid  were  annihilated  and  the  mass  of  the  sphere  increased  to 
m  +  Wi.    At  rest  the  sphere  has  a  mass  m\  its  mass  is  effectively 
increased  by  rwi  when  it  moves  through  the  fluid.    Now  according 
to  this,  the  sphere  has  one  definite  mass  when  it  is  at  rest,  another 
definite  mass  when  in  motion  and  this  is  the  same  for  all  velocities. 
There  is  no  variation  of  its  mass  as  the  velocity  increases.    If  we 
suppose  that  the  sphere  is  not  a  rigid  but  an  elastic  body,  such  a 
variation  will  be  found.    At  rest,  the  fluid  pressure  on  the  sphere 
is  equal  in  all  directions — so  that  the  sphere  will  not  be  deformed. 
In  motion,  the  fluid  pressure  is  unequally  distributed  over  the 
sphere  and  it  becomes  flattened  in  the  direction  of  motion.    The 
work  that  has  to  be  done  to  produce  the  motion  of  the  fluid  may 
still  be  written  in  the  form  1/2  Wi  v*,  but  wi  increases  with  the 
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velocity — that  is,  thejflatter  the  sphere  gets  the  greater  is  its 
effective  mass.  On  this  view,  then,  we  get  the  result  that  the 
mass  of  the  sphere  is  effectively  different  for  different  velocities 
of  motion — increasing  with  the  velocity.  If,  then,  we  regard  the 
ether  as  a  perfect  fluid,  and  the  electron  as  a  particle  of  elastic 
matter,  we  would  get  just  the  effect  we  wish  to  explain — that  the 
mass  of  the  electron  would  increase  with  its  velocity. 

This  view  requires  the  hypothesis  of  an  ether  with  all  of  its 
apparently  contradictory  properties.  But  I  have  tried  to  show 
that  as  far  as  explaining  the  increase  in  mass  with  velocity  we  are 
not  absolutely  forced  to  change  our  inherent  feeling  that  matter, 
after  all,  is  the  fundamental  concept.  It  may  be  possible  to  de- 
velop these  ideas  into  a  consistent  scheme  which  will  be  more 
satisfactory  than  a  scheme  which  builds  matter  out  of  electricity. 


Whatever  view  we  take  of  the  electron — whether  we  assume  it  to 
be  a  particle  of  matter  charged  with  electricity ,  or  a  particle  of  elec- 
tricity which  is  endowed  with  mass  in  virtue  of  its  motion — we  are 
forced  to  the  conclusion  that  electrons  have  a  leading  part  in  the 
constitution  of  matter  as  we  know  it.  So  far  as  we  have  gone  we 
have  found  electrons  only  in  vacuum  tubes  when  an  electric 
discharge  is  passed  through,  and  emitted  by  radioactive  sub- 
stances. But  we  must  suppose  them  to  have  a  very  wide  distri- 
bution. For  example,  when  a  metal  surface  is  exposed  to  ultra- 
violet light,  corpuscles  are  emitted  that  have  all  the  properties 
of  the  electrons  that  we  have  studied.  So  also  when  metals  are 
raised  to  high  temjieratures,  electrons  are  emitted,  to  such  an 
extent  that  large  electric  currents  can  be  sent  through  the  highest 
obtainable  vacuum;  the  current  is  carried  by  the  corpuscles  shot 
out  from  a  glowing  metal.  All  these  effects  point  to  the  existence 
of  these  electrons  in  all  forms  of  matter.  From  whatever  source 
they  come,  no  differences  have  ever  been  found  among  the  elec- 
trons, except  a  difference  in  velocity,  which  carries  with  it  a 
difference  in  mass.  Measurements  of  the  ratio  e/w  for  electrons 
from  different  sources,  and  by  varying  methods  for  velocities 
that  are  small  compared  to  the  velocity  of  light,  do  not  differ 
from  each  other  by  more  than  can  be  accounted  for  in  experi- 
mental errors  and  uncertainties. 

We  are  thus  led  to  the  electron  theory  of  matter  which  assumes 
that  the  atoms  of  the  various  chemical  elements  are  built  up, 
in  part,  of  electrons.  The  atoms  of  the  different  elements  will 
then  differ  from  each  other  in  the  number  and  arrangement  of 
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the  electrons  they  contain.  We  shall  have  more  to  say  about 
this  view  of  the  constitution  of  the  atom,  but  for  the  present  I 
am  going  to  speak  of  some  of  the  consequences  of  such  a  view, 
first  of  all  in  relation  to  light. 

The  view  that  electrically  charged  particles  play  a  part  in 
light  phenomena  is  not  a  new  one.  It  had  been  suggested,  and 
some  of  its  consequences  worked  out,  long  before  the  discoveries 
that  led  to  our  knowledge  of  the  actual  existence  of  electrons. 
Now  that  the  existence  of  the  electron  or  corpuscle  has  been 
made  certain,  its  charge  and  mass  determined,  we  can  use  the 
electrons  in  optical  theory  with  much  more  confidence  than 
before.  We  know  that  the  various  chemical  elements  are  char- 
acterized by  having  definite  spectra.  That  is,  the  atom  of  any 
chemical  element  may  be  supposed,  when  it  is  made,  by  whatever 
means,  tp  emit  light,  to  emit  light  of  only  certain  definite  fre- 
quencies of  vibration.  The  conception  of  an  atom  as  an  elastic 
solid,  and  of  the  frequencies  of  the  light  emitted  by  it  as  the  fre- 
quencies of  the  free  vibrations  of  an  elastic  solid,  has  never  led  to 
results  at  all  satisfactory  in  giving  vibrations  of  the  frequencies  that 
we  have  to  account  for.  Let  us  see  what  an  electron  view  of  the 
atom  will  lead  to.  All  the  electrons  have  the  same  electric  charge, 
and  according  to  our  conventions  we  call  the  charge  negative. 
Calling  it  negative  is  of  course  of  no  significance;  it  is  all  a  matter 
of  the  convention  that  when  a  piece  of  glass  is  rubbed  with  silk 
the  glass  is  called  positively,  and  the  silk  negatively,  charged. 
And  it  is  found  that  the  electron  has  a  charge  of  the  same  nature 
as  the  charge  on  the  silk  after  being  rubbed  on  the  glass. 
Now  the  idea  of  an  atom  formed  of  negatively  charged  particles 
will  not  work.  For  the  negative  electrons  are  going  to  rej^el  each 
other  and  .so  we  have  got  to  imagine  something  to  hold  them  to- 
gether to  form  an  atom.  We  are  thus  bound  to  introduce  another 
fundamental  conce])tion  along  with  our  fundamental  conception 
of  electricity,  which,  we  see,  corresponds  to  negative  electricity. 
This  new  conception  is  positive  electricity.  An  element  of  posi- 
tive electricity  we  know  nothing  of,  in  the  sense  that  we  have  a 
knowledge  of  an  element  of  negative  electricity — the  electron. 
At  one  time  it  was  thought  that  the  alpha  particle  might  be  con- 
sidered as  such.  We  know  that  the  alpha  particle  carries  a  posi- 
tive charge;  but  now  we  know  that  it  is  a  charged  atom  of  helium 
and  so  has  a  strticture  comparable  in  complexity  with  other 
atoms,  that  is,  is  built  up,  at  least  in  part,  of  electrons,  so  that 
the  alpha  particle  cannot  be  regarded  as  a  fundamental  unit  of 


1913J  ADAMS:  RADIOACTIVITY  1007 

positive  electricity.  We  are  therefore  forced  to  assume  some 
special  form  for  the  positive  electricity  and  examine  the  conse- 
quences of  our  assumption. 

Let  us  therefore  take  positive  electricity  distributed  uniformly 
throughout  a  sphere  whose  size  is  comparable  with  the  size  of  an 
atom;  i.e.  having  a  radius  of  the  order  of  10~'  cm.  The  simplest 
model  for  an  atom  will  then  be  this  sphere  of  positive 
electricity  with  a  single  electron  inside  it.  In  order  that  the  atom 
may  be  neutral,  we  must  assume  the  whole  positive  charge  equal 
to  the  negative  charge.  If  we  call  a  the  radius  of  the  sphere  and  r 
the  distance  of  the  electron  at  any  instant  from  its  center,  the 
force  drawing  the  electron  towards  the  center  is  equal  to 


a» 


Now  the  motion  of  a  particle  in  a  circle  about  a  center  of  force 
varying  directly  as  the  distance  is  known  to  be  stable,  and  the 
time  required  for  the  electron  to  go  round  the  circle  once  can 
easily  be  found. 

The  equation  of  motion  of  the  electron  is 

dh  «» r 


dp  m  a* 

This  is  the  same  equation  that  we  have  for  the  small  vibrations 
of  a  simple  pendulum.  The  time  of  complete  vibration  is  there- 
fore 


^  =  2-n(^ 


Now  we  have  taken 

a  =  10-» 
we  know  that 


—  =  1.8  X  10^  in  electromagnetic  units,  or 


m 


5.4  X  10"  in  electrostatic  units 
e  =  4.7  X  10-i« 


so  that 


r  =  4  X  10-i«  seconds 
wave  length  =  T  X  3  X  lO^^  =  1 .2  X  10-*  cm. 
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This  is  of  the  order  of  magnitude  of  the  wave  lengths  we 
are  familiar  with  in  ordinary  light.  An  electron  circulating  about 
inside  a  sphere  of  positive  electricity  would  thus  give  rise  to 
electromagnetic  waves  of  the  nature  of  light  waves.  It  must  not 
be  thought  that  this  model  for  an  atom  is  anything  more  than  a 
mere  suggestion ;  for  one  thing,  the  energy  of  the  electron  would 
be  radiated  away  in  the  form  of  light  energy  altogether  too  rapidly 
to  allow  us  to  consider  this  an  actual  atom.  And  such  an  atom 
would  have  but  one  frequency  of  vibration — only  one  spectral 
line — but  it  is  certainly  of  interest  that  by  such  a  simple  mechanism 
we  can  get  a  wave  length  of  light  which  is  comparable  to  those 
that  we  know  are  present  in  ordinary  light. 

The  Zeeman  Effect 

Of  all  the  applications  of  the  electron  hypothesis  to  optical 
effects,  the  most  striking  success  has  been  in  explaining  the  so- 
called  Zeeman  effect.  Suppose  we  have,  as  a  source  of  light,  an 
incandescent  gas,  and  examine  the  light  through  a  spectroscope. 
A  number  of  bright  lines  are  seen,  forming  the  spectrum  of  the 
particular  gas  employed.  Now  let  the  incandescent  gas  be 
placed  in  a  magnetic  field  by  placing  the  tube  containing  it  be- 
tween the  poles  of  a  magnet.  It  is  found  that,  in  general,  the 
spectral  lines  are  split  up — where  there  was  a  single  line  with  no 
magnetic  force  acting,  on  exciting  the  magnet  this  line  has  split 
up  into  a  number  of  others.  Spectroscopes  of  very  high  resolving 
power  have  to  be  used  in  order  to  make  the  distance  between  the 
lines  appreciable.  Some  spectral  lines  split  up  in  a  very  simple 
way — either  into  three  lines  or  two  lines,  dei)ending  upon  whether 
the  direction  of  the  magnetic  force  is  peri.cndicular  or  jjarallel 
to  the  line  of  sight.  Our  sim])le  model  of  an  atom  serves  admir- 
ably to  explain  this  ])henomenon.  To  see  how  this  is  let  us  sup- 
pose that  we  have  an  electron  describing  a  circular  path  about 
the  center  of  an  atom.  I>et  it  make  n  revolutions  per  second.  On 
our  sinii^lc  view  of  an  atom  of  positive  electricity  containing  a 
single  electron  we  have  seen  that 


;/  =    4r    =  2.5  X  10-" 


Now  sui)pose  a  magnetic  force  acts  on  the  atom.  The  electron 
in  motion  acts  as  a  current  element  and  therefore  the  magnetic 
force  H  exerts  a  force  on  the  moving  electron  which  is  perpendic- 
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ular  to  both  the  direction  of  the  magnetic  force  and  the  direc- 
tion of  motion  of  the  electron.  In  the  accompanying  illustra- 
tion let  the  outer  circle  represent  the  section  of 
the  atom,  and  the  inner  circle  the  path  of  the 
electron,  the  arrow  showing  the  direction  of  its 
motion.  Suppose  the  magnetic  force  is  directed 
up  from  the  plane  of  the  paper.  Then  there  will  be  a  force, 
acting  on  the  electron,  tending  to  drive  it  towards  the  center  of 
the  atom.  This  force  isev  H,  while  the  force  drawing  the  electron 
to  the  center  resulting  from  the  uniform  positive  charge  of  the 


atom  is 


a*' 


Together,  these  must  give  the  centrifugal  force .     Hence 

— r-  +  ev  H  = 

a*  r 

But  V  =  ni  2  TT  r,  where  tii  is  the  number  of  vibrations  in  one 
second  under  the  influence  of  the  magnetic  field. 
Hence 

-1  +  2ir  e  H  ni  =  4  x^  m  ni' 
a* 

For  an  electron  moving  in  the  opposite  direction,  as  illustrated 

herewith,  we  get  in  a  similar  manner 

-,  —  2  TT  e  H  n2  =  4  tt^  m  na' 

Subtracting  these  two  equations,  we  get 

eH 


Hi  —  W2  ^ 


2  T  m 


The  difference  in  the  number  of  vibrations  per  second  for  the 
two  extreme  lines  into  which  the  single  line  is  split  in  the  magnetic 
field  is  thus 

eH 

2  Tc  m 

and  this  may  be  measured  optically.  Knowing  H,  the  strength 
of  the  magnetic  field,  the  ratio  e/m  may  be  found.  And  the  value 
for  this  ratio  that  is  obtained  in  this  way,  using  a  number  of 


1010  ADAMS:  RADIOACTIVITY  .April 9 

different  sources  of  light,  and  a  number  of  different  spectral  lines, 
is  so  nearly  the  same  as  the  value  of  e/m  determined  by  measure- 
ments on  cathode  particles  in  vacutun  tubes,  beta  rays  from 
radioactive  substances,  the  corpuscles  emitted  by  metals  when 
exposed  to  light,  or  when  heated,  that  we  must  conclude  that 
light  emission  is  produced  by  charged  particles  of  the  same  kind. 
It  is  impossible  to  over-estimate  the  importance  of  this  result. 
It  fiuTiishes  the  clearest  evidence  of  the  universal  existence  of 
the  electron  and  the  important  part  it  plays  in  physical  phe- 
nomena. 

There  are  more  complicated  types  of  the  Zeeman  effect,  where 
a  single  line  is  split  up  into  more  than  two  or  three  components, 
and  while  these  cases  cannot  now  be  explained  satisfactorily,  there 
can  be  no  doubt  that  the  true  explanation  will  be  found  to  depend 
upon  the  disturbance  in  the  motion  of  electrons  produced  by  a 
magnetic  field. 

In  the  theory  of  light  that  regards  light  as  the  transverse 
vibrations  of  an  elastic  solid  ether,  and  also  in  the  electromagnetic 
theory  of  light,  there  has  been  a  diffictdty  in  accounting  for  dis- 
persion. Waves  of  different  frequencies  travel  in  material  sub- 
stances with  different  velocities.  The  hypothesis  was  made  by 
Sellmeyer,  and  developed  by  many  others,  including  Helm- 
holtz  and  Lord  Kelvin,  that  there  were  particles  inside  matter 
capable  of  executing  definite  vibrations,  and  that  their  vibrations 
so  modified  the  propagation  of  light  through  the  bodies  as  to 
produce  the  effect  of  dispersion.  These  hypothetical  particles 
now  have  a  definite  reality.  They  arc  the  corpuscles  or  electrons 
of  which  we  have  been  speaking.  I  do  not  wish  to  be  understood 
as  implying  that  we  arc  even  near  a  complete  theory  of  the  prop- 
agation of  light  through  matter,  but  the  fundamental  importance 
of  the  electron  in  optical  theory  is  established  beyond  doubt. 

I  now  wish  to  consider  a  point  in  the  general  theory  of  radia- 
tion about  which  we  are  still  very  much  in  the  dark.  It  has  to  do 
with  the  emission  of  light — or  any  form  of  radiant  energy — by 
bodies,  when  their  temperature  is  raised.  The  discussion  of  this 
question  is  much  facilitated  by  the  introduction  of  the  concep- 
tion of  a  "  black  body."  By  that  is  meant  a  body  which  absorbs 
all  the  radiation  falling  upon  it  and  reflects  none.  While  an 
absolutely  black  body  is  not  known,  it  is  easy  to  get  so  close  an 
approximation  to  one,  that  an  ideal  black  body  is  not  a  difficult 
thing  to  imagine.    When  a  black  body  is  raised  to  a  definite 
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temperature  it  radiates  energy  from  the  shortest  known  light- 
waves to  the  longest  known  heat  waves.  The  intensity  of  the 
radiation,  arising  from  any  small  range  of  frequencies,  can  be 
measured,  and  when  this  is  done  a  curve  something  like  the  illus- 
tration is  obtained;  v  is  the 
frequency,  the  number  of 
vibrations  of  the  radiation  in 
2  Tr  seconds,  and  F  is  the  in- 
tensity of  the  radiation.  The  radiation  has  a  maximum  value 
for  some  definite  frequency,  and  falls  off  for  both  higher  and 
lower  frequencies.  As  the  temperature  is  raised,  the  maximum 
intensity  is  displaced  towards  the  higher  frequencies — the 
shorter  wave-lengths.  It  is  important  to  explain  why  it  is  that 
these  curves  have  the  form  they  have,  and  to  deduce  an  expres- 
sion which  will  enable  one  to  calculate  the  energy,  correspond- 
ing to  any  frequency,  emitted  by  a  black  body  at  any  tem- 
perature 0.  Such  an  expression,  which  does  fit  the  experimental 
results  with  great  accuracy,  was  deduced  by  Planck  in  1900: 

C  =  velocity  of  light,  h  and  k  absolute  constants. 

To  arrive  at  this  result  Planck  assumed  that  the  radiating 
body  contained  elementary  *'  vibrators  "  which  we  can  now 
interpret  as  vibrating  electrons.  In  addition  he  had  to  make 
the  assumption  that  when  energy  is  absorbed  or  emitted  by  an 
oscillator,  it  is  done,  not  continuously,  but  in  finite,  though  very 
small,  elements.  These  energy  elements,  the  energy  quanta,  the 
Germans  call  them — are  something  of  which  it  is  very  difficult 
to  form  a  conception.  We  have  grown  used  to  thinking  of  ele- 
ments of  matter:  I  have  tried  to  show  at  the  beginning  of  this 
lecture  that  we  may  be  forced  to  conceive  of  elements  of  electri- 
city not  associated  with  matter,  but  I  am  not  going  to  try  to 
convince  you  of  the  possibility  of  thinking  of  energy — wholly 
dissociated  from  either  matter  or  electricity — ^flying  around  in 
discrete  elements.  Of  course  if  we  find  that  this  hypothesis 
does  explain  phenomena  that  none  of  our  usual  views  explain, 
and  in  addition  explains  all  that  is  explained  by  our  present  views, 
then  we  shall  be  forced  to  accept  the  energy-quanta  as  a  working 
hypothesis.    Now,  in  the  first  place,  Planck  has  recently  shown 
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that  his  radiation  formula  can  be  deduced  on  the  assiunption  that 
radiant  energy  is  continuously  distributed  through  space  in  wave 
motion,  but  that  a  vibrator,  when  it  emits  energy,  does  so  in 
finite  elements,  although  it  absorbs  energy  continuously.  It 
does  not  seem  wholly  improbable  that  a  model  for  an  atom  can  be 
thought  of  which  will  behave  in  just  this  way,  and  if  this  can  be 
shown,  the  conception  of  the  energy-quanta  will  be  unnecessary 
so  far  as  accounting  for  the  radiation  law  is  concerned.  There 
can  be  no  question  about  the  energy-quanttun  hypothesis  explain- 
ing certain  phenomena — especially  in  connection  with  the  specific 
heat  of  bodies,  and  the  photo-electric  effect,  that  have  never  re- 
ceived any  other  explanation.  But  it  is  by  no  means  certain  that 
this  hypothesis  is  necessary  to  explain  these  phenomena.  Aside 
from  the  difficulty  of  conceiving  of  these  energy-quanta  there  is 
one  very  serious  difficulty  in  accepting  this  hypothesis.  In  ac- 
cepting it  we  are  obliged  to  give  up  the  wave  theory  of  light. 
We  should  have  to  go  back  to  what  amotmts  to  Newton's  cor- 
puscular theory  of  light,  Newton's  corpuscles  being  replaced  by 
these  particles  of  energy.  Now  so  far  as  we  know,  such  a  theory 
cannot  account  for  some  of  the  most  striking  properties  of  light — 
interference,  diffraction,  polarization — things  which  the  wave 
theory  of  light  explains  so  beautifully.  The  success  of  the  wave 
theory  of  light,  not  only  in  explaining  known  phenomena,  but  in 
predicting  new  phenomena,  has  been  so  great  that  the  energy- 
quantum  hypothesis  requires  very  much  more  evidence  in  its 
favor  than  has  yet  appeared,  before  it  can  be  accepted. 

Positive  Electricity 

I  now  wish  to  speak  about  one  of  the  most  puzzling  features 
connected  with  our  present  views.  It  has  to  do  with  the  nature  of 
positive  electricity.  Negative  electricity,  we  have  seen,  may  be 
regarded  as  having  an  atomic  structure,  being  composed  of  dis- 
crete particles,  called  electrons  or  corpuscles.  And  I  have  tried 
to  convince  you  that  these  corpuscles  have  a  real  existence,  as  real 
as  anything  we  know  about.  Negative  corpuscles,  whatever  their 
origin,  all  are  identical,  save  for  differences  in  their  velocities. 
One  would  rather  expect  to  find  something  similar  for  positive 
electricity.  But  nothing  of  the  sort  has  ever  been  found.  Posi- 
tive electricity,  whenever  it  appears,  is  always  associated  vith 
atoms  or  molecules  of  the  chemical  elements.  We  have  already 
spoken  of  a  sphere  of  positive  electricity,  but  this  was  introduced 
solely  for  the  purpose  of  enabling  us  to  build  up  an  atom  of 
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ordinary  matter  out  of  electrons — we  had  to  assume  some  means 
of  holding  the  negative  electrons  together,  to  keep  them  from 
repelling  each  other  by  the  forces  between  like  charges. 

So  far,  we  have  become  acquainted,  in  nature,  with  positive 
electricity,  only  in  the  alpha  particles;  measurements  of  e/m 
and  e  for  them  showed  them  to  be  atoms  of  helium  with  two 
elementary  positive  charges.  And  we  also  have  more  direct 
evidence  that  the  alpha  particle  on  losing  its  charge  becomes  an 
atom  of  helium.  We  must  now  speak  of  some  other  occurrences 
of  positive  electricity.  As  from  radioactive  substances  both 
negative  and  positive  charges  are  emitted,  so  in  vacuum  tubes, 
when  an  electrical  discharge  is  maintained  in  them,  we  find  both 
cathode  rays,  which  are  formed  of  negative  particles,  and  the 
anode  rays,  which  are  formed  of  positive  rays.  If  the  cathode  is 
perforated  with  a  number  of  holes,  a  luminosity  is  observed  be- 
hind it.  Experiment  shows  that  this  luminosity  is  caused  by  a 
stream  of  positively  charged  particles,  and  determinations  of 
the  ratio  e/m  for  these  particles  have  been  made  by  methods  simi- 
lar to  those  employed  for  the  cathode  particles.  The  results  of 
measurements  of  this  kind  show  that  e/m  is  very  much  smaller 
for  these  positive  particles  than  for  the  negative  corpuscles.  This 
may  be  interpreted  either  by  assuming  that  the  charges  the  posi- 
tive particles  carry  are  much  smaller  than  the  charges  carried  by 
the  corpuscles,  or  that  their  mass  is  very  much  greater.  Now,  no 
negative  charge  has  ever  been  found  smaller  than  the  charge 
carried  by  the  corpuscle.  It  seems  reasonable  to  suppose,  there- 
fore, that  this  is  also  the  smallest  positive  charge  that  can  exist. 
Assuming  this,  the  observed  values  of  e/m  give  values  for  the 
masses  of  the  positive  particles  which  indicate  that  they  are  either 
single  atoms  of  various  chemical  elements  or  aggregates  of  two  or 
more  atoms.  For  example,  the  largest  value  of  e/m  found  is  just 
what  would  correspond  to  a  single  hydrogen  atom,  carrying 
a  single  positive  charge.  With  mercury  vapor  in  the  discharge 
tube,  values  of  e/m  are  found  which  would  correspond  to  four 
mercury  atoms,  with  a  single  positive  charge.  And  atoms  of 
other  chemical  elements  are  detected  in  the  same  way.  Sir  J.  J. 
Thomson,  who  has  contributed  a  large  part  of  our  knowledge  of 
these  positive  rays,  regards  the  method  of  determining  e/m  for 
these  particles  as  an  extremely  sensitive  method  of  chemical 
analysis.  The  presence  of  minute  traces  of  a  gas  may  be  shown — 
a  far  less  proportion  than  would  be  required  to  make  its  presence 
known  by  spectroscopic  means. 
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The  view  which  these  results  lead  us  to  take  of  the  atoms  of  the 
elements,  is,  then,  this.  We  assume  positive  electricity  distri- 
buted throughout  a  volume,  for  simplicity  a  sphere,  of  atomic 
size.  In  this  sphere  of  positive  electricity  there  are  just  enough 
negative  corpuscles  to  neutralize  the  positive  electricity.  Such 
an  atom  may  expel  one  or  two  negative  corpuscles  without  neces- 
sarily changing  its  character  thereby — that  is,  it  still  remains 
an  atom  of  the  same  element,  but  now  positively  charged  in 
virtue  of  having  lost  some  of  its  negative  electricity.  The  cor- 
puscles may  subsequently  be  picked  up  again,  when  the  atom 
becomes  once  more  electrically  neutral. 

Let  me  summarize  briefly  the  main  points  of  what  I  have 
tried  to  exhibit.  In  the  first  place  we  considered  the  negative 
corpuscle,  showing  that  its  mass  might  be  interpreted  as  resulting 
from  a  negative  charge  in  motion,  although  we  were  not  absolutely 
forced  to  this  conclusion.  The  universal  occurrence  in  nature  of 
these  corjjuscles  was  next  brought  out,  and  their  fundamental 
importance  in  phenomena  connected  with  light  proved;  the 
energy-quantum  hypothesis  was  next  briefly  touched  upon, 
showing  why  it  had  been  introduced.  Finally  the  nature  of 
positive  electricity  was  discussed,  leading  to  a  provisional  view 
of  the  structure  of  the  atom. 

LECTURE  V 

Before  beginning  on  the  subject  announced  for  this  lecture  I 
must,  in  order  to  answer  questions  that  have  been  raised,  give  a 
little  further  account  of  some  of  the  things  dealt  with  in  the 
previous  lecture.  You  will  remember  that  I  described  a  model 
of  an  atom,  consisting  of  a  sphere  of  positive  electricity,  with  a 
single  negative  electron  moving  in  a  circle  inside.  The  question 
is,  why  is  it  that  this  emits  light?  We  believe  now  in  the  electro- 
magnetic theory  ot  light,  according  to  which  light  consists  of  a 
periodic  electric  force  and  a  periodic  magnetic  force,  at  right 
angles  to  each  other,  propagated  by  wave  motion  in  a  direction 
at  right  angles  to  both  the  electric  and  magnetic  force.  A  mathe- 
matical calculation,  which  it  would  take  too  long  to  give  here, 
shows  that  for  points  which  are  at  a  great  distance  from  the 
vibrating  electron  compared  to  the  dimensions  of  its  orbit,  this 
is  just  the  state  of  affairs  that  we  have — ^magnetic  and  electric 
forces,  perpendicular  to  each  other,  propagated  outwards  in 
waves  with  the  velocity  of  light.  It  may  puzzle  you  to  under- 
stand why  it  is  that  the  velocity  of  light  enters  into  the  solution 
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of  a  purely  electrical  problem  like  this.  It  is  because  we  measure 
electric  and  magnetic  forces  each  in  a  particular  set  of  units — in 
a  problem  like  the  present  one,  where  both  electric  and  magnetic 
forces  enter,  they  must  be  reduced  to  the  same  system  of  units. 
This  requires  the  introduction  of  a  factor,  which  experiment 
proves  is  equal  to  the  known  velocity  of  light  in  space.  Theory 
shows  that  the  electromagnetic  effects  are  propagated  with  a 
velocity  equal  to  the  ratio  of  the  units  in  the  two  systems,  and 
this  ratio  is  the  velocity  of  light. 

A  convenient  way  of  thinking  of  these  effects  is  in  terms  of 
lines  of  force,  which  we  may  imagine  are  carried  by  the  electron, 
are,  in  fact,  a  part  of  it.  Think  of  these  lines  of  force  as  so  many 
stretched  threads,  one  end  of  each  attached  to  the  electron. 
We  must  assume  that  transverse  waves  travel  along  these  strings 
with  the  velocity  of  light.  Now  suppose  that  the  electron 
moves  in  a  circtdar  orbit.  We  know  that  motion  in  a 
circle  may  be  compounded  of  two  motions  in  straight  lines 
perpendicular  to  each  other.  It  is  only  the  component  at  right 
angles  to  the  line  of  force  which  is  effective  in  causing  its  trans- 
verse vibrations,  and  so  we  may  neglect  the  other  component. 
Therefore  at  any  point  at  a  distance  from  the  electron  the  line 

of  force  will  vibrate  back  and  forth  in  a 
direction  perpendicular  to  itself  when  at  rest. 
The  sketch  herewith  illustrates  roughly  the 
spreading  out  of  the  transverse  electric  force 
along  one  line  of  force.  We  therefore  have 
a  vibrating  electric  force,  which  at  every 
point  is  perpendicular  to  the  line  joining  the  electron  to  the 
point.  Accompanying  this  there  is  a  magnetic  force  perpen- 
dicular both  to  the  line  joining  the  electron  to  the  point 
and  to  the  electric  force.  This  therefore  results  in  a  spherical 
wave  of  electric  and  magnetic  force  spreading  out  from  the 
electron. 

Metallic  Conduction 

Let  us  now  consider  what  influence  the  discovery  of  the  electron 
has  had  upon  our  views  of  the  conduction  of  electricity  through 
metals.  First  of  all  it  may  be  well  briefly  to  consider  our  previous 
potions  of  metallic  conduction.  It  had  to  be  assumed  that  elec- 
tricity was  something — a  substance  or  an  effect — that  travelled 
freely  through  conductors.  The  force  driving  the  electricity  was 
called  the  electromotive  force,  and  the  flow  of  electricity  the 
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electric  current.  Between  these  two  quantities  a  simple  relation, 
Ohm's  law,  was  found  to  hold,  which  we  may  express  by 

or,  in  words,  the  electric  current  is  equal  to  the  conductivity  i, 
times  the  electromotive  force.  The  conductivity  ife  is  a  specific 
constant  for  each  kind  of  conductor.  Experiment  shows,  however, 
that  the  conductivity  of  a  conductor  is  not  constant,  but  depends 
on  its  physical  state.  Thus  on  heating  the  conductor,  in  general, 
the  conductivity  diminishes ;  some  metals  shows  the  opposite  effect, 
and  this  makes  it  possible  to  make  alloys  whose  conductivity 
varies  very  little  with  the  temperature.  In  a  magnetic  field, 
again,  the  conductivity  may  increase  or  decrease,  depending  on 
the  conductor  and  the  direction  of  the  magnetic  force  with 
respect  to  the  current.  Light  falling  on  certain  conductors, 
notably  selenium,  changes  very  decidedly  their  conductivity. 
Then,  too,  there  was  found  to  be  a  very  close  connection  between 
the  electric  conductivity  and  the  heat  conducti\Hty  of  metals. 
The  old  view  of  an  electric  current  offered  no  explanation  of  this 
variation  of  conductivity  with  the  physical  state  of  the  conductor. 
It  merely  had  to  be  accepted  as  a  fact.  The  best  conductors  of 
heat  were  found,  in  general,  also  to  be  the  best  conductors  of 
electricity.  There  was  no  explanation  of  this  fact  on  the  older 
view.  It  is  true  that  Wilhelm  Weber  towards  the  beginning  of 
the  last  century  offered  an  hypothesis  in  regard  to  the  electric 
current  in  which  the  current  was  regarded  as  the  flow  in  opposite 
directions  of  positive  and  negative  electric  particles,  and  by  mak- 
ing additional  hypotheses  in  regard  to  the  nature  of  these  particles 
many  of  the  known  phenomena  might  be  accounted  for.  But  as 
long  as  there  was  no  evidence  of  the  reality  of  these  particles  this 
view  never  received  general  acceptance,  nor  was  developed  to  any 
considerable  extent. 

We  are  still  far  from  being  able  to  give  a  completely  satisfac- 
tory explanation  of  the  various  phenomena  with  which  we  are 
concerned,  but  a  considerable  amount  of  progress  has  been  made 
in  applying  the  notion  of  electrons  to  metallic  conduction,  and 
I  shall  attempt  to  give  some  account  of  this  in  its  simpler  aspects. 

The  view  we  have  been  led  to  take  of  an  atom  is  that  it  is  a 
volume  of  positive  electricity  containing  many  negative  electrons. 
Now  we  have  good  reasons  for  believing  that  in  a  metal,  in  addi- 
tion to  the  electrons  contained  in  its  atoms,  there  are  also  manv 
electrons  not  contained  in  them,  but  continually  moving  about 
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among  the  atoms.  We  may  look  upon  these  electrons,  the  free 
electrons  we  shall  call  them,  as  pursuing  zig-zag  paths  among  the 
metallic  atoms,  colliding  with  them — perhaps  entering  into  them, 
while  others  are  shot  out  .from  the  atoms.  On  the  average  there 
will  be  a  certain  number,  iV,  of  these  free  electrons  per  unit 
volume.  These  have  a  perfectly  irregular  motion,  there  are  just 
as  many  moving  in  one  direction  as  another.  Now  suppose  an 
electric  force  is  applied  to  the  conductor.  This  we  know  causes 
a  current  to  flow  through  it.  Let  E  be  the  electric  force.  There 
is  now  a  force  e  E  acting  on  each  electron  driving  it  in  a  direction 
opposite  to  the  direction  of  the  electric  force.  Negative  electri- 
city flowing  in  one  direction  is  equivalent  to  positive  electricity 
flowing  in  the  opposite  direction.  We  thus  get  an  electric  current 
flowing  in  the  direction  of  the  electric  force.  It  is  worth  while  to 
calculate  the  strength  of  this  electric  current  on  the  simplest 
view  we  can  take.  Let  v  be  the  velocity  of  the  electrons  before 
the  electric  force  was  applied.  The  velocity  of  an  electron  in  a 
direction  opposite  to  that  of  the  electric  force  is  given  by 

^  =  ^Et 
dt       m 

at  any  time  between  two  collisions  of  the  corpuscle.  But  at  the 
beginninj<  of  the  free  paths  the  corpuscles  had  no  average  veloc- 
ity in  this  direction;  at  the  ends  of  their  free  paths  the  electrons 
thus  have  a  velocity  e/m  E  T  where  T  is  the  time  the  electron 
is  free.     So  the  average  velocity  in  this  direction  is 

1  e 

^-  TE  -=  V 

2  in 

In  a  unit  volume  of  the  metal  we  have  N  free  electrons;  each 
carries  a  charge  e,  and  each  moves  with  this  average  velocity  in 
a  direction  opposite  the  electric  force.     Therefore  the  electric 

current  is  equal  to  all  the  charges  that  cross 
,•-< —         the  section  of   the   conductor  in  unit  time. 


1       I  Let  the  cross-section  of  the  conductor  have 

I 


unit   area.     Then   the   number   of   electrons 

which  cross  it  in  unit  time  will  be  equal  to  the 
number  that  at  the  beginning  were  contained  in  the  volume  V,  i.e., 

i—TEN 
2  m 
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Each  has  a  charge  e,  so  that  the  current  is 

1  e^ 

i  =  ~  —TNE 

2  m 

We  thus  get  Ohm's  law,  the  conductivity  being 

k = \—TN 
2  m 

Let  us  now  introduce  an  hypothesis  which  we  shall  attempt  to 
justify  by  its  consequences.  It  is  that  the  electrons  move  about 
among  the  atoms  of  the  metal  just  as  the  molecules  of  a  gas 
move  about,  and  just  as  the  average  kinetic  energy  of  a  molecule 
of  a  gas  is  proportional  to  its  absolute  temperature,  6, 

so  the  average  kinetic  energy  of  an  electron  is  proportional  to  the 
absolute  temperature,  with  the  same  factor  of  proportionality,  a. 

Then  since  T  =  ,  where  L  is  the  average  distance  the  elec- 

V 

tron  goes  between  collisions — the  free  path  of  the  electron — we  can 
write 

1  e^L     .,  e^vNL 

2  m  V  4  a  u 

Expenment  shows  that  the  conductivity  of  most  pure  metals 
varies  very  nearly  inversely  as  the  absolute  temperature.  Thi:J 
is  what  our  formula  tells  us,  provided  that  N  L  v  does  not  vary 
with  the  temperature.  On  our  hypothesis,  v  varies  as  the  square 
root  of  the  temperature,  so  that  we  may  assume  that  N  L  varies 
inversely  as  the  square  root  of  the  temperature.  We  have  not 
time  to  consider  the  different  views  that  have  been  held  on  this 
matter ;  the  point  I  wish  to  emphasize  is  that  the  view  of  metallic 
conduction  that  has  been  briefly  described,  does  lead,  first  of  all,  to 
Ohm's  law,  and  it  does  account  for  a  variation  of  conductivity 
with  the  temperature.  The  old  idea  of  the  electric  current  made 
no  attempt  to  give  any  explanation. 

Let  us  now  find  the  conductivity  for  heat  of  our  metal.  For  this 
purpose  we  must  calculate  how  much  heat  goes  through  any 
unit  cross-section  in  a  imit  time.    Let  the  temperature  decrease 
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as  we  go  from  left  to  right.  The  number  of  electrons  that  cross 
any  cross-section  in  unit  time  is  J  iV  v.  For  v  is  the  distance  they 
travel  in  unit  time  and  as  they  move  in  all  directions  one-sixth 

a ^  ^  of  those  in   a   volume   v  will   get   through. 

Each  electron  has  an  amoimt  of  energy 
^  m  v^  =  ad.  For  0  we  must  take  the 
temperature  at  the  last  collision.  On  the 
average,  the  last  collision  was  at  a  distance  L  to  the  left  of  A . 
Call  the  temperatiu*e  at  this  place  Oi.  Hence  the  heat  crossing 
A  in  unit  time  from  left  to  right  is 

iNvaOi 
6 

Similarly  the  heat  crossing  A  from  right  to  left  is 

6 
Hence  the  net  amount  of  heat  that  crosses  A  from  left  to  right  is 

^Nva{d,  -  62) 
or 

I    AT  9i   —   $2       r 

di  —  02  is  the  difference  in  temperature  at  two  places  distant  2  L 

6—0 
from  each  other;  ^^-r  "  is  therefore  the  rate  of  fall  of  tempera- 
ture as  we  go  along  the  bar.    Hence  the  heat  conductivity  is 

c  =  -tN  V  a  L 

The  ratio  of  the  electric  to  the  heat  conductivity  is 

-£.  =  i  — ^ 
k         3e^ 

This  result  is  of  particular  interest  because  the  only  quantity  in 
it  which  can  vary  with  the  temperature  is  0,  the  temperature  it- 
self. The  ratio  of  the  heat  to  the  electric  conductivity  should 
then  increase  proportionately  to  the  absolute  temperature.  Sup- 
pose we  put  in  the  known  values  of  the  quantities  in  this  equation. 
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We  have  found  that 

«  =  1.6  X  10-^  in  electromagnetic  units. 

Now  a  is  known  from  the  kinetic  theory  of  gases.     It  is  equal 

approximately  to 

1.8  X  10-" 
Then  at  0  deg.,  0  =  273 

4-  =  4.6  X  10»« 
k 

Experiment  shows  that  this  ratio,  for  a  large  number  of  metals,  is 
about  6  —  7  X  10^®.  In  our  calculation,  it  has  been  assumed 
that  both  the  thermal  and  electric  currents  are  carried  only  by 
the  negative  corpuscles.  It  is  almost  certain,  however,  that  the 
thermal  conductivity  is  partly  due  to  the  motion  of  the  atoms 
themselves  inside  the  metal.  This  would  tend  to  increase  the 
ratio  c/k,  bringing  it  nearer  to  the  known  value  determined  by 
experiment. 

This  result  is  as  remarkable  as  those  obtained  by  the  applica- 
tion of  the  theory  of  electrons  to  optical  phenomena  that  wc  con- 
sidered in  the  last  lecture.  It  furnishes  very  strong  confirmation 
of  the  view  that  the  electron  plays  an  important  part  in  electric 
conduction  in  metals. 

Thermoelectric  Effects 

If  a  circuit  is  made  ot  two  different  metals,  and  the  two  junc- 
tions are  kept  at  different  temperatures,  it  is  known  that  a  current 
will  flow  around  the  circuit.  Let  us  see  how  the  cor-  ., 
puscular  theory  accounts  for  this  effect.  We  have  /^'^N 
taken  the  view  that  the  corpuscles  move  about  in  a 
metal  just  as  molecules  of  a  gas  in  an  enclosed  space. 
And  just  as  the  pressure  which  a  gas  exerts  is  a  result 
of  the  impacts  of  the  molecules,  so  there  will  be  a 
pressure  at  any  point  in  a  metal  due  to  the  impacts  of 
the  corpuscles.  To  calculate  this  pressure  we  need  \V^-^ 
only  to  consider  the  momentum  which  the  corpuscles  ^\,^ 
bring  up  to  a  unit  area  in  unit  time.  On  the  average 
we  can  say  that  one- sixth  of  all  the  corpuscles  are  movinj^ 
in  a  given  direction.  Each  has  momentum  nt  v  .  The  momentum 
of  the  corpuscles  striking  a  unit  area  of  the  wall  in  unit  time  will 
therefore  be 


\:\ 
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• 

If  we  assume  that  the  corpuscles  are  reflected  from  the  wall  with- 
out loss  of  energy,  each  carries  away  an  amount  of  momentum 
m  r,  but  in  the  opposite  direction  from  that  it  brought  up  to  the 
wall.     Therefore  the  wall  receives  in  unit  time  the  momentum 

;r  wr*  iV 
3 

But  this  must  be  the  pressure  the  corpuscles  exert.    Hence 

p  =  |wiVr»  =  I  Nad 

If  now  the  number  of  free  corpuscles  in  unit  volume  is  different 
for  different  metals,  at  a  junction  between  two  metals  there  will 
be  a  difference  in  the  pressure  of  the  corpuscles  on  the  two  sides 
and  so  the  corpuscles  will  move  from  one  metal  to  the  other.  To 
make  the  case  definite  suppose  that  N\  is  greater  than  iVj  and  Oi 
is  greater  than  &j.  Then  at  the  hot  junction  there  will  be  a  diff- 
erence in  pressure  of 

I  (Ni  -  N2)  a  Oi 

driving  the  corpuscles  from  I  to  2.  At  the  other  junction  there 
will  be  a  difference  in  pressure 

I  (iVi  -  N2)  a  62 

also  driving  the  corpuscles  from  1  to  2.  But  this  is  less  than  the 
former  difference  in  pressure  and  so  there  will  be  a  continual 
flow  of  corpuscles  from  1  to  2  at  the  warm  junction  and  from  2 
to  1  at  the  cool  junction.  There  will  be  therefore  an  electric 
current  flowing  in  the  opposite  direction. 

The  other  thermoelectric  effects — the  Peltier  effect,  the  Thom- 
son effect — may  be  explained  qualita- 
tively equally  well  by  the  corpuscular 
theory. 

Let  us  now  consider  some  effects 
of  magnetism  on  electric  conductivity. 
According  to  the  views  of  Maxwell,  if 
a  conductor  carrying  an  electric  cur- 
rent is  placed  in  a  magnetic  field,  a  mechanical  force  is  exerted 
on  the  conductor,  but  there  is  no  effect  on  the  electric  current. 
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It  was  discovered  by  Hall  that  if  the  conductor  were  in  the 
form  of  a  thin  plate,  through  which  a  current  /  was  sent  in 
the  direction  indicated,  and  a  magnetic  force  applied  per- 
pendicularly to  the  plate,  then  a  current  was  produced  in  the 
circuit  i.  With  no  magnetic  force  acting,  there  is  no  current  in 
this  circuit.  The  existence  of  such  a  transverse  current  can  easily 
be  accounted  for  on  the  corpuscular  view.  Acting  on  a  corpuscle 
there  is  a  force  at  right  angles  both  to  the  direction  of  the 
magnetic  field  //,  and  to  the  direction  of  motion.  This  force  de- 
flects the  corpuscles  from  the  right  to  left  motion  so  that  some  of 
them  move  through  the  branch  circuit,  thus  producing  an  elec- 
tric current  in  the  opposite  direction.  We  meet,  however,  with  a 
difficulty  here. 

According  to  what  we  have  just  seen,  the  Hall  effect  should 
have  the  same  sign  for  all  metals.  But  as  a  matter  of  fact  for 
some  metals  the  transverse  current  has  the  direction  indicated 
by  this  theory;  for  other  metals  the  transverse  current  has  the 
opposite  direction.  This  variability  cotdd  be  accounted  for  if  we 
assumed  that,  in  addition  to  the  negative  corpuscles,  the  current 
was  also  carried,  in  part,  by  positive  charges;  these  would  result 
in  a  transverse  current  opposite  in  sign  to  the  current  carried  by 
the  negative  corpuscles  and  so,  depending  upon  which  effect 
was  the  greater,  the  Hall  effect  would  have  one  sign  or  the 
opposite.  But  we  have  very  strong  evidence  that  positive  charges 
arc  always  associated  with  atoms  and  so  we  cannot  assume  them 
to  have  mobility  enough  in  a  metal  or  other  solid  to  take  an 
appreciable  part  in  electric  conductivity.  We  must  therefore 
seek  another  explanation.  The  explanation  is  to  be  found,  I 
think,  in  the  structure  of  a  metal.  We  have  assumed  far  too 
simple  a  structure  for  the  interior  of  a  metal.  In  our  calcula- 
tions we  have  considered  only  the  free  electrons — that  is,  those 
that  are  outside  of  the  atoms.  It  is  probable  that  the  corpuscles 
in  the  atoms  play  a  part  in  these  effects,  although  we  have  no 
theory  yet  which  will  account  quantitatively  for  experimental 
results. 

A  similar  difficulty  is  met  when  we  attempt  to  account  for  l!-  of 
change  in  the  conductivity  of  a  metal  when  in  a  magnetic  field. 
If  the  magnetic  force  is  a]>plied  at  right  angles  to  the  direction  in 
which  the  eloctric  current  flows,  then  as  a  result  of  the  deflections 
of  the  jjaths  of  l\\v  elrclrons  it  is  easily  scon  that  the  conductivity 
o*f  the  metal  will  be  decreased.  This  is  the  result  that  is  observed, 
except  that  wivU  Uwi  magnetic  metals,  iron,  nickel  and  cobalt, 
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weak  magnetic  fields  decrease  the  conductivity ;  but  on  increasing 
the  magnetic  force  the  effect  changes  in  sign,  so  that  with  strong 
fields  the  conductivity  is  increased.  On  this  simple  view  there 
should  be  no  effect  on  the  conductivity  when  the  magnetic  force 
is  parallel  to  the  cturent.  Experiment  shows,  however,  that,  in 
general,  there  is  a  decrease  in  the  conductivity  in  this  case. 
Qualitatively,  both  these  departures  from  our  simple  theory  can 
be  explained  by  assuming  that  the  effect  of  the  magnetic  field  is 
to  produce  a  rearrangement  among  the  atoms  so  as  to  alter  the 
free  paths  of  the  electrons.  That  some  such  effect  should  exist 
is  probable.  Recent  work  in  metallography  has  shown  that  metals 
have  a  very  complicated  structure — ^being  in  fact  aggregates  of 
crystals.  The  view  we  have  takenuDf  a  metal  is  undoubtedly  far 
too  simple  and  it  is  much  more  to  be  wondered  at  that  this  simple 
view  should  lead  to  so  many  striking  confirmations  than  that 
departures  from  it  are  observed. 

A  number  of  attempts  have  been  made  to  explain  magnetism 
on  the  electron  hypothesis.  At  first  sight  it  seems  an  easy  thing 
to  do.  We  generally  look  upon  a  magnetized  body  as  an 
assemblage  of  small  magnets  which  are  all  made  to  turn  more  or 
less  in  one  direction  when  a  magnetic  force  is  applied.  Now  the 
fundamental  theorem  in  electromagnetism  is  that  an  electric 
cturent  flowing  in  a  small  closed  circuit  is  equivalent,  as  far  as 
external  effects  go,  to  a  small  magnet,  whose  axis  is  perpendicular 
to  the  plane  of  the  ciurent.  As  an  electron  in  motion  is  equivalent 
to  an  electric  current,  the  electrons  circulating  in  closed  orbits 
inside  the  atoms  might  be  expected  to  make  the  atoms  themselves 
elementary  magnets.  This  would  be  just  the  result  necessary 
to  account  for  the  magnetism  of  such  substances  as  iron  and  also 
the  so-called  para-magnetic  substances — which  have  similar 
magnetic  properties  but  in  a  much  smaller  degree.  However, 
when  one  considers  the  possible  symmetrical  distribution  of 
electrons  in  the  atoms,  it  is  found  that  the  atoms  will  not  be  ele- 
mentary magnets.  There  will  still  be  an  effect  arising  from  the 
magnetic  field  on  the  motion  of  the  electrons  inside  the  atoms  and 
such  as  to  correspond  to  diamagnetism — ^the  property  exhibited 
by  copper  and  many  other  substances.  The  difference  between 
paramagnetism  and  diamagnetism  may  be  shown  by  taking  two 
rods — one  of  iron  and  one  of  copper,  suspended  in  a  uniform 
magnetic  field.  The  iron  tends  to  set  itself  so  that  its  length  is 
along  the  direction  of  the  magnetic  force,'  while  the  copper  tends 
to  set  itself  at  right  angles  to  the  magnetic  force.    Thus,  on  this 
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view,  the  atoms  of  all  substances  would  be  diamagnetic.  To 
account,  then,  for  paramagnetism,  it  is  necessary  to  assume  that 
the  atoms,  owing  to  a  lack  of  symmetry,  are  effectively  elemen- 
tary magnets,  as  a  result  of  the  circulating  electrons.  The  theory 
has  been  developed  along  these  lines  by  Langevin,  who  finds  that 
the  diamagnetism  will  be  independent  of  the  temperature  while 
paramagnetism  varies  inversely  as  the  temperature;  and  this 
agrees,  in  general,  with  experimental  results.  We  thus  have  every 
reason  to  believe  that  a  real  explanation  of  magnetism  is  to  be 
found  in  the  electron  theory. 

It  will  not  be  out  of  place  here  to  say  a  word  regarding  the 
essential  difference  between  a  conductor  of  electricity  and  an 
insulator.  In  a  conductor  we  have  seen  that  we  may  assume  that, 
in  addition  to  the  electrons  circulating  in  the  atoms,  there  are 
also  free  electrons.  A  metal  atom  may  be  looked  upon  as  one 
from  which  one  or  two  electrons  can  escape,  and  these  escaped 
electrons  then  become  free  electrons.  An  atom  of  an  insulator, 
on  the  other  hand,  we  may  regard  as  one  in  which  the  electrons  are 
more  firmly  held,  so  that  in  a  perfect  insulator  there  will  be  no  free 
electrons. 

At  the  beginning  of  these  lectures  I  told  you  that  I  was  going 
to  try  to  show  how  far  recent  discoveries  had  changed  our  old 
ideas  about  the  constitution  of  matter.  It  may  therefore  be 
well  to  give  a  very  brief  summary  of  the  most  important  results. 

In  the  first  place  we  have  learned  that  the  atoms  of  the  various 
chemical  elements  are  complicated  structures.  One  constituent 
which  is  common  to  all  atoms  is  the  negative  electron  or 
corpuscle.  In  addition  we  have  to  assume  positive  charges  as 
well — as  to  what  their  nature  is  we  are  still  very  much  in  the  dark. 
As  for  the  number  of  corpuscles  in  the  atom,  various  lines  of 
reasoning  give  results  that  show  that  this  number  must  be  com- 
parable to  the  atomic  weight  of  the  atom.  One  method  of  getting 
an  estimate  of  the  number  of  corpuscles  in  an  atom  is  by  calcula- 
ting the  absorption  that  a  stream  of  beta  particles  undergoes  when 
traversing  a  known  thickness  of  matter.  This  is  something  that 
can  be  determined  experimentally,  and  by  assuming  that  the 
absorption  of  beta  particles  is  the  result  of  collisions  with  the 
corpuscles  in  the  atoms,  an  estimate  of  the  number  of  the  latter 
may  be  obtained.  So  that  we  cannot  assume  the  whole  mass  of 
an  atom  to  be  the  sum  of  the  masses  of  the  electrons  contained  in 
it.  We  are  led,  therefore,  to  assume  that  the  mass  of  the  atom  is 
concentrated  in  the  positive  part  of  the  atom.    We  may  take  a 
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provisional  view  of  the  atom  something  like  this — a  number  of 
positive  charges  with  just  enough  negative  corpuscles  circulating 
around  them  to  neturalize  the  electric  charge.  Atoms  built  in 
this  way  will  have  different  degrees  of  stability.  Such  an  atom 
may  lose  or  gain  one  or  two  corpuscles  and  still  remain  the  same 
kind  of  an  atom.  It  will  then  correspond  to  a  very  stable  element. 
Or  an  atom  may  be  so  tmstable  that  on  losing  an  electron  a  com- 
plete rearrangement  takes  place,  resulting  in  a  wholly  different 
atom.  That  will  correspond  to  a  radioactive  atom.  This  view 
of  the  atom  leads  to  a  natural  explanation  of  chemical  combina- 
tion. Say  that  we  have  two  different  atoms  A  and  B,  A  may 
lose  an  electron,  leaving  it  positively  charged.  B  may  gain  the 
electron  lost  by  ^4 .  -B  is  then  negatively  charged.  A  and  B  will 
then  be  attracted  to  each  other  and  they  may  combine  to  form 
a  molectde  of  two  atoms  A  B. 

The  weakness  in  the  position  where  we  stand  at  present  lies 
in  our  ignorance  of  the  nature  of  positive  electricity.  Negative 
electricity  distributed  in  corpuscles,  we  know  a  great  deal  about. 
We  have  seen  something  of  the  universal  importance  of  the  nega- 
tive corpuscle  in  optical,  thermal,  and  electric  phenomena. 

We  have  seen  that  the  mass  of  the  negative  corpuscle  may  be 
interpreted  in  terms  of  an  electric  charge  in  motion,  that  its 
mass  increases  with  increasing  velocity.  So  we  are  led  to  think 
that  perhaps  all  mass  is  electrical  in  its  nature.  We  cannot, 
however,  have  much  confidence  in  this  view  until  something 
analogous  is  proved  for  the  unknown  positive  charge. 

Besides  the  change  in  oiu*  ideas  regarding  atomic  structure 
which  has  resulted  from  the  study  of  radioactivity,  there  is 
another  much  more  revolutionary  trend  in  modem  thought  con- 
cerning the  physical  universe.  This  has  to  do  with  the  very 
foundation  of  the  science  of  mechanics.  If  what  has  apparently 
been  proved  for  the  negative  corpuscle,  that  its  mass  increases 
with  its  velocity,  holds  for  all  matter,  then  our  familiar  laws  of 
mechanics,  which  have  been  accepted  as  holding  absolutely, 
can  be  regarded  only  as  approximations.  It  is  only  when  the 
velocities  we  consider  approach  that  of  light  that  there  will  be 
any  appreciable  departiu*e  from  the  motion  given  by  applying 
Newton's  laws.  According  to  our  usual  ideas,  if  a  constant  force 
acts  on  a.  body,  a  certain  definite  momentum,  the  product  of  the 
mass  by  the  velocity,  will  result.  If  the  force  acts  twice  as  long, 
double  the  momentum  will  result.  The  mass  being  constant, 
there  will  be  no  limit  to  the  velocity  that  the  body  may  acquire.. 
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It  is  only  necessary  to  apply  the  force  for  a  sufficiently  long  time. 
But  this  is  not  so  if  the  mass  increases  with  the  velocity.  Doub- 
ling the  time  the  force  acts  will  not  double  the  velocity,  since  the 
mass  also  increases.  In  the  case  of  a  corpuscle,  when  we  regard 
its  mass  as  resulting  from  a  charge  in  motion,  the  mass  becomes 
infinite  when  its  velocity  is  equal  to  that  of  light.  If  the  same  be 
held  to  be  true  for  all  matter,  if,  in  other  words,  all  mass  is  ctf  an 
electromagnetic  origin,  then  the  velocity  of  light  is  the  highest 
velocity  we  can  conceive  of.  This  is  a  result  which  is  startling 
when  viewed  from  the  standpoint  of  our  usual  ideas  of  mechanics. 
According  to  this  view,  the  velocity  of  light  in  space  is  a  constant 
of  fundamental  importance  in  the  whole  domain  of  the  physical 
sciences. 

All  of  this  is  intimately  related  to  what  has  come  to  be  known 
as  the  principle  of  relativity.  If  it  is  assumed  that  the  velocity 
of  light  in  space  is  the  highest  velocity  that  can  be  attained,  it 
must  be  impossible  to  detect  absolute  motion  of  a  system  by  any 
experiments  made  in  that  system.  Suppose,  for  example,  the 
velocity  of  light  be  measured  on  the  earth,  first  in  the  direction  in 
which  the  earth  is  moving  about  the  sun,  and  second,  in  a  direc- 
tion at  right  angles  to  the  motion  of  the  earth.  In  the  former 
direction  the  velocity  of  the  earth  would  be  added  to  the  velocity 
of  light,  and  the  sum  would  be  a  velocity  greater  than  that  of 
light.  But  this,  by  hypothesis,  is  impossible.  Hence  it  would 
follow  that  by  no  experiment  in  a  moving  system  can  we  detect 
the  absolute  motion  of  that  system.  All  that  can  be  detected  is 
the  motion  of  one  system  relative  to  another. 

A  number  of  experiments  have  been  made  with  the  object  of 
detecting  absolute  motion.  The  best-known  of  these  is  the 
Michelson-Morley  experiment,  in  which  a  difference  in  the  veloc- 
ities of  light,  traveling  along  and  perpendicular  to  the  motion  of 
the  earth,  was  looked  for.  All  such  experiments  have  given  nega- 
tive results.  And  these  negative  results  have  led  to  the  entmcia- 
tion  of  the  principle  of  relativity,  according  to  which  the  absolute 
motion  of  a  system  cannot  be  determined  by  any  experiment 
made  in  that  system.  In  this  form,  the  principle  of  relativity  is 
a  principle  of  negation,  like  two  other  fundamental  physical 
principles — ^the  principle  of  the  conservation  of  energy  and  the 
second  law  of  thermodynamics.  The  former  denies  the  possibility 
of  perpetual  motion,  and  the  latter  denies  the  possibility  of  trans- 
ferring heat  from  a  cold  to  a  hot  body  by  any  self-acting 
mechanism. 
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From  a  certain  point  of  view,  the  principle  of  relativity,  stated 
in  this  way,  would  seem  to  be  a  necessary  consequence  of  the 
electromagnetic  origin  of  mass.  If  all  matter  can  be  considered 
to  result  from  the  motion  of  electric  charges,  it  must  follow  that 
absolute  motion  cannot  be  determined.  For  without  motion, 
there  could  be  no  matter,  and  without  matter  there  would  be  no 
possibility  of  detecting  motion. 

However,  the  necessity  of  introducing  the  principle  of  relativity 
with  all  of  the  consequences,  so  opposed  to  what  we  have  always 
assumed  as  fundamental  truths,  that  have  been  held  to  follow 
from  it,  cannot  be  said  to  be  proved.  Speculation  regarding  it 
has  proceeded  rather  farther  than  experimental  results  warrant. 
The  subject  is  mentioned  here  only  for  the  purpose  of  showing 
how  deeply  into  otir  ftmdamental  conceptions  of  the  physical 
universe  the  study  of  radioactivity  has  led. 

In  conclusion,  let  me  repeat  what  may  be  taken  as  the  main 
results  of  the  study  of  radioactive  phenomena.  First,  ^e  are 
forced  to  believe  that  the  atoms  of  the  elements  are  dynamical 
systems  of  varying  degrees  of  stability.  In  the  second  place,  the 
negative  corpuscle,  or  electron,  has  been  shown  to  be  of  funda- 
mental importance  in  the  whole  domain  of  the  physical  sciences. 
The  difficulties  in  developing  further  these  views  of  matter,  for 
which  a  foundation  has  been  laid,  center  about  two  large  prob- 
lems: the  nature  of  positive  electricity,  and  the  old  problem 
of  the  ether. 
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PURCHASED  POWER  IN  COAL  MINES 


BY  H.  C.  EDDY 


The  ideal  corporation  may  be  defined  as  a  cooperating  aggre- 
gation of  individuals  of  specialized  ability. 

The  practical  application  of  this  idea  has  produced  industrial 
companies  whose  activities  frequently  become  so  extensive  and 
so  diversified  as  to  make  it  desirable  to  separate  them  into  com- 
ponent parts,  each  exercising  those  functions  which  it  is  especially 
fitted  to  perform.  Thus  we  find  the  huge  industrial  organiza- 
tions of  today  made  up  of  a  number  of  departments,  each 
complete  in  itself  and  each  virtually  a  corporation,  in  the  sense  of 
the  definition  given  above. 

This  division  and  segregation  of  corporate  activities  is  practic- 
able only  in  comparatively  few  instances,  as  the  cost  of  thoroughly 
competent  heads  of  departments  becomes  too  great  a  burden 
for  the  companies  of  less  than  extraordinary  size  to  carry.  In 
the  majority  of  cases  it  becomes  good  business  policy  to  carry 
out  this  division  of  effort  by  depending  upon  outside  agencies, 
whose  sole  function  is  to  supply,  in  the  mqgt  economical  way, 
some  certain  requirement. 

Thus  the  function  of  the  public  utility  companies  becomes 
that  of  supplying  transportation,  the  facilities  for  the  trans- 
mission of  intelligence  and  the  distribution  of  electricity,  water 
and  gas,  each  a  highly  specialized  branch  of  service  calling  for 
the  expenditure  of  much  capital,  technical  knowledge  and  broad- 
gage  thought,  to  reach  the  fullest  possible  development. 

There  is  then  a  sound  fundamental  basis  for  the  existence  of  an 
organization  whose  sole  business  is  to  make  and  sell  power  in 
both  large  and  small  quantities. 
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However  sound  the  abstract  theory  of  the  central  station  as 
a  power  merchant  may  be,  its  continued  existence  depends  upon 
its  ability,  in  practise,  to  supply  power  on  a  basis  which  shall 
be  reasonably  profitable  to  both  parties  concerned  in  the  trans- 
action. 

An  analysis  of  the  conditions  of  use  of  power  in  the  bituminous 
coal  mines  in  Pennsylvania  and  Ohio  discloses  certain  general 
facts  which  are  decidedly  favorable  to  the  purchase  of  power, 
when  available,  as  compared  with  the  operation  of  independent 
plants. 

There  are  but  few  mines  in  these  fields  that  operate  more  than 
sixteen  hours  per  day,  and  many  that  run  but  a  single  shift. 
The  double  shift  basis  of  operation  is,  however,  sufiSciently 
common  to  be  considered  typical.  The  load  curve  of  such  a 
mine  shows  that  approximately  two-thirds  of  the  total  kilowatt 
hours  per  day  of  twenty-foiu*  hours,  is  used  between  7  a.  m.  and 
4  p.  M.,  the  remaining  one- third  being  used  between  6:30  p.  m. 
and  1  A.  M.  During  the  day  run  the  demand  is  quite  variable, 
fluctuating  between  wide  limits  for  short  periods.  The  widely 
different  conditions  existing  in  the  individual  mines  makes  it 
practically  impossible  to  give  accurate  values  to  the  various 
elements  of  load.  In  one  mine  the  grades  may  be  in  favor  of  the 
loads  to  be  hauled  by'  the  locomotives,  while  in  another  case  the 
reverse  may  be  true,  tipples  may  be  above  or  below  the  level  of 
the  mine  opening,  fan  operation  may  be  required  continuously 
at  a  high  rate  of  air  discharge  or  the  reverse.  Notwithstanding 
all  these  variables,  the  general  characteristics  of  the  total  load 
are  quite  uniform  in  being  removed  from  the  central  station 
peak. 

The  application  of  alternating-current  motors  to  mine  equip- 
ment is  not  general,  practically  all  mines  operated  by  electric 
power  using  direct  current  at  either  250  or  550  volts.  This 
necessitates  the  use  of  either  synchronous  converters  or  motor- 
generator  sets  when  power  is  purchased.  When  the  latter  are 
used  it  is  the  general  practise  to  specify  synchronous  motors, 
on  account  of  the  somewhat  better  efficiency  to  be  obtained,  as 
compared  with  induction  motors,  and  also  for  the  improvement 
of  power  factor. 

The  advantages  to  the  central  station  which  justify  low  prices 
for  mine  power,  may  therefore  be  summed  up  as  follows: 

The  considerable  amount  of  power  used. 

The  **ofi-pea\L"  \o^.d. 
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The  extensive  application  of  synchronous  motors,  tending  to 
raise  the  plant  power  factor,  with  the  attendant  advantages. 

From  the  standpoint  of  the  mine  operator  the  advantages  of 
purchased  power  are  more  numerous. 

The  most  important  consideration  is  that  of  cost.  It  is  obvious 
that  in  this  presentation  of  the  subject,  no  comparisons  of  actual 
figures  can  be  made,  but  it  lies  within  the  province  of  the  writer 
to  indicate  the  essential  reasons  for  a  relatively  high  cost  of  opera- 
tion of  independent  mine  power  plants. 

The  controlling  element  lies  in  the  load  factor,  which  may  be 
defined  as  the  ratio  of  average  use  of  the  equipment  required 
to  meet  the  maximtun  load  conditions. 

The  daily  load  factor  is  much  higher  than  the  monthly  ratio, 
due  to  the  fact  that  during  the  month  the  average  number 
of  working  days  ranges  from  15  to  20,  due  to  car  shortage,  market 
conditions  and  temporary  labor  difficulties.  The  annual  load 
factor  is  even  lower,  due  to  the  same  general  conditions,  but  upon 
a  more  extended  basis. 

The  result  of  this  condition  is  that  the  investment  in  power 
plant  and  equipment  is  idle  for  much  of  the  time,  and  as  interest, 
depreciation  and  taxes  are  continuous  charges,  the  result  is  that 
the  actual  output  of  the  plant  carries  a  very  high  fixed  charge 
per  kilowatt  hour. 

This  condition  does  not  exist  when  power  is  ptirchased,  except 
in  so  far  as  it  applies  to  the  current  transforming  apparatus.  The 
cost  of  equipment  per  kilowatt  of  capacity  being  much  lower 
than  the  cost  of  complete  plant  equipment,  there  is  a  substantial 
saving  to  be  effected  in  this  item  of  power  costs. 

The  actual  manufacturing  cost,  exclusive  of  overhead  charges, 
under  conditions  of  widely  varying  load  and  intermittent  use  of 
generating  equipment,  becomes  much  higher  than  would  be 
found  with  exactly  the  same  apparatus  working  more  continu- 
ously. 

The  individual  mine  plant  is  usually  located  at  the  least  favor- 
able point,  considered  electrically,  i.  e.,  at  the  mouth  of  the  mine. 
As  the  mine  is  developed  the  electrical  center  of  the  load  recedes 
from  the  plant  location  and  the  losses  in  the  distributing  system 
constantly  increase.  The  extent  to  which  it  is  advisable  to  in- 
crease the  investment  in  copper  to  minimize  voltage  losses  can 
be  determined  only  by  a  careful  survey  of  the  conditions  applying 
to  each  particular  installation. 

Aside  from  the  actual  copper  loss,  the  low  voltage  obtainable 
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at  the  point  of  delivery  of  current  brings  in  its  wake  a  high 
maintenance  cost  for  motors  on  locomotives  and  coal  cutters, 
chiefly  in  the  form  of  armature  and  commutator  repairs.  These 
troubles  are  directly  traceable  to  the  abnormal  volume  of  current 
required  by  reason  of  the  less  than  normal  voltage.  Aside  from 
this  actual  expense  there  is  the  loss  of  possible  output  due  to 
reduced  capacity  of  motors  brought  about  by  the  unfavorable 
conditions  of  current  supply.  This  loss  is  far  greater  than  the 
actual  cost  of  repairs  and  its  magnitude  is  often  unappreciated 
by  mine  operators. 

These  conditions  may  be  remedied  to  a  great  extent,  if  not 
practically  eliminated,  where  power  is  purchased,  by  placing 
converters  or  motor-generators  so  that  the  mine  distributing 
system  may  be  fed  at  several  points,  thus  materially  reducing 
line  losses,  equalizing  line  voltage,  and  bringing  it  up  to  the 
normal  working  voltage  of  the  motors  in  use.  As  the  mine  is 
developed  and  new  conditions  arise  with  respect  to  the  distribut- 
ing system,  the  location  of  the  conversion  equipment  may  readily 
be  changed.  This  flexibility  is  impossible  with  a  complete  steam 
plant. 

In  any  successful  concern  the  growth  of  its  operations  is 
ordinarily  greater  than  originally  expected.  .  The  coal  mining 
industry  is  no  exception  to  this  general  rule,  and  operators  are 
periodically  faced  with  the  proposition  of  extending  and  enlarg- 
ing individual  plants  to  meet  the  greater  demands  for  output. 
Usually  this  problem  is  solved  by  adding  boilers,  engines  and 
generators,  with  a  resulting  greater  investment  of  capital  than 
would  be  required  by  the  addition  of  a  motor  generator  set.  The 
capital  invested  in  plant  equipment  in  excess  of  the  cost  of 
motor  generators  would  earn  much  more  per  year,  if  put  into 
strictly  mining  machinery. 

The  operators  of  mine  plants  are  ordinarily  handicapped  by 
the  character  of  labor  available  for  power  plant  operation.  In 
some  cases  mines  are  so  located  with  regard  to  living  conditions 
that  really  skillful  engineers  may  be  obtained  and  kept.  In  more 
instances,  however,  the  conditions  of  work  and  locality  ot  the 
mines  do  not  prove  attractive  to  the  best  men  except  as  a 
temporary  expedient.  It  is  more  often  than  not,  a  case  of  a  more 
or  less  regular  procession  of  engineers  through  the  cycle  of  being 
hired,  endured  and  "  fired."  As  a  natural  result  the  average 
mine  plant  receives  less  than  an  ordinary  amount  ot  skilled  atten- 
tion, when,  by  reason  of  the  severe  conditions  under  which  it 
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operates,  it  should  receive  more.  Under  such  circumstances  it 
is  to  be  expected  that  the  cost  of  maintenance  and  repair  will  be 
high.  Aside  from  labor  conditions  the  item  of  boiler  repairs  and 
replacement  is  usually  excessive  on  account  of  the  bad  water 
conditions  that  are  so  commonly  found  in  the  coal  districts. 

Where  power  is  purchased,  the  care  required  byconversion 
apparatus  does  not  call  for  an  expert  man  in  constant  attendance. 
The  ordinary  daily  care  required  may  be  furnished  by  the  neces- 
sary switchboard  operator.  In  some  cases  this  duty  can  be  safely 
assumed  by  the  repair  shop  men,  thus  eliminating  entirely  any 
cost  for  attendance. 

It  is  obvious  that  the  employers  liability  hazard,  so  far  as  power 
supply  is  concerned  is  greatly  reduced  when  power  is  purchased 
than  when  a  steam  plant  is  operated. 

The  tendency  of  labor  and  other  costs  entering  into  the  pro- 
duction of  power  is  upward.  This  can  only  be  met  and  compen- 
sated for  in  the  case  of  the  central  station  through  the  use  of 
generating  equipment  of  the  very  highest  economy,  by  the  secur- 
ing of  business  of  a  diversified  character  of  use,  enabling  the 
operation  of  the  plant  under  good  load  conditions  each  hour  of 
the  twenty-four,  and  through  quantity  production.  These 
safeguards  against  increasing  power  costs  cannot  be  obtained 
by  the  individual  plant  operator  except  through  the  protection 
afforded  by  a  long  term  contract  with  a  substantial  and  respon- 
sible central  station  organization. 

The  advantages  gained  by  the  mine  operator  by  the  purchase 
of  power  are  direct  and  may  be  summed  up  as  follows: 

Reduction  of  fixed  charges  on  investment. 

Reduction  of  actual  operating  costs  due  to  the  fact  that  only 
power  used  is  paid  for,  without  stand-by  charges  due  to  inter- 
mittent operation,  and  by  reason  of  the  higher  efficiency  of 
electrical  apparatus  at  any  load,  as  compared  with  steam  generat- 
ing equipment  of  the  character  available  for  mine  work. 

Material  reduction  of  distribution  losses. 

A  considerable  increase  in  the  output  of  mining  machines  and 
locomotives  due  to  maintenance  of  speed  through  normal  voltage. 

Flexibility  of  location  of  motor-generators,  enabling  them  to 
be  placed  at  points  giving  the  best  operating  results,  and  to  be 
readily  and  cheaply  moved  as  conditions  change. 

Reduction  of  labor  costs  for  attendance. 

Elimination  of  high  maintenance,  repair  and  replacement 
costs  for  boilers,  piping  and  engines. 
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Reduction  of  cost  of  superintendence,  enabling  the  mine  super- 
intendent to  devote  his  entire  attention  to  securing  output. 

Reduction  of  liability. 

Insurance  against  constantly  increasing  power  costs,  through 
term  contracts  at  fixed  rates. 

Additional  coal  available  for  sale. 
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CENTRAL  STATION  POWER  FOR  COAL  MINES 


BY    C.    W.    BEERS 


The  purchase  of  central  station  power  by  coal  operators  for 
use  in  and  about  the  coal  mines,  appears  paradoxical  owing  to 
the  apparent  cheapness  of  fuel  at  the  mines,  yet  some  companies 
have  fotmd  it  economical  to  do  so,  and  up  to  the  present  time 
these  companies  do  not  regret  making  contracts  for  the  purchase 
of  power.  One'  large  coal  company  in  the  anthracite  field  has 
closed  a  contract  with  a  large  central  station  for  a  long  term  of 
years,  and  with  considerable  advantage  to  itself. 

To  correctly  understand  the  reasons  why  a  large  producer  of 
anthracite  should  find  it  economical  to  purchase  central  station 
power,  it  is  necessary  to  have  a  clear  understanding  of  the 
ordinary  steam  production,  and  the  uses  to  which  it  is  applied 
in  and  around  the  various  collieries. 

About  eight  or  ten  years  ago,  the  writer  was  discussing  with 
the  mechanical  engineer  of  a  coal  company  the  seemingly  large 
amounts  of  steam  used  in  various  collieries,  as  the  cry  of  the 
colliery  people  was  constantly  for  more  steam,  although  the 
installation  of  new  steam  consuming  devices  was  in  no  way 
proportional  to  the  constantly  increasing  amount  of  steam  gen- 
erated. 

The  mechanical  engineer  in  reply  advised  that  it  was  simply  a 
waste  of  money  to  install  more  boiler  capacity,  and  made  the 
remark  that  the  surest  and  best  method  of  increasing  the  boiler 
plant  capacity  was  to  get  busy  with  the  pumps  and  engines, 
meaning  that  if  the  pumps  and  engines  were  kept  in  suitable 
repair,  or  rejected,  and  an  entire  new  outfit  substituted,  that 
the  existing  boiler  plants  would  be  largely  in  excess  of  the  actual 
steaming  capacity  required,  and  would  operate  with  better 
load  factors  with  a  consequent  reduction  in  steam  expense. 
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A  statement  of  this  kind,  coming  from  a  liberal  minded  engineer, 
is  the  pure  tmadulterated  truth. 

There  are  old-fashioned  pumps  in  the  mines  today  working  on 
24-hour  service  that  vary  in  age  from  40  years  down,  and  as 
long  as  they  are  able  to  push  water  they  apparently  fill  the  bill 
regardless  of  the  fact  that  they  can  digest  easily  160  lb.  (72.5 
kg.)  of  steam  per  water  horse  power.  Pumps  on  long  duty 
service  are  seldom  touched  on  account  of  the  time  necessary  to 
make  suitable  repairs,  and  when  repairs  are  made  the  question 
is  not  "  how  economically  will  the  piunp  operate,"  but  rather 
"  how  short  a  time  will  it  take  to  make  repairs."  One  can 
imagine  in  what  condition  the  cylinders,  pistons,  valves,  etc.,  are 
in,  and  with  tight  packing  and  a  poor  water  end  it  is  not  a  hard 
problem  to  guess  where  the  steam  goes. 

The  same  is  true  of  engines.  There  are  fine  specimens  of  old 
time  workmanship  and  material  in  service  8760  hours  per  year. 
Fans  usually  must  be  kept  nmning  at  any  cost,  and  owing  to 
the  inability  to  shut  down  the  engines  to  make  necessary  repairs, 
the  pistons,  rings,  and  valves  become  badly  worn  with  the  result 
that  large  quantities  of  steam  are  used  with  a  remarkably  bad 
distribution.  More  than  one  fan  engine  shows  90  lb.  (40.8  kg.) 
of  steam  per  indicated  horse  power.  These  statements  are 
advanced  to  show  the  condition  of  much  of  the  machinery  in 
use  today.  Colliery  operations  are  usually  conducted  with  the 
idea  of  getting  maximum  coal  output,  and  little  attention  or 
money  is  spent  in  keeping  the  machinery  in  repair  so  that  it  may 
work  at  maximum  economy. 

A  great  source  of  loss  in  the  present  colliery  steam  plants  today 
is  in  the  boilers  themselves.  This  is  due  to  the  fact  that  the 
firemen  employed  arc  not  very  intelligent  and  their  wages  are 
not  particularly  high.  The  result  is  that  while  fuel  is  com- 
paratively cheap,  little  effort  is  made  to  use  it  economically; 
oftentimes  the  grates  are  ill-adapted  for  the  kind  of  fuel  used  and 
this  is  due  to  the  fact  that  the  fuel  varies  largely  in  quality  from 
time  to  time.  Draft  arrangements  are  not  always  suitable,  with 
the  result  that  much  energy  goes  up  the  stack.  The  boiler  units  are 
usually  small  in  size,  working  at  large  overloads,  and  no  arrange- 
ments are  made  to  have  them  operate  at  their  highest  efficiency. 

As  far  as  the  boiler  losses  are  concerned  they  are  subject  to 
easy  control,  and  one  large  operating  company  has  made  great 
strides  in  this  dirjEjStio^  by  expending  intelligent  effort  on  the 
type^^MliiiMHHBH  employed,  and  the   quality  of 
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Long  steam  lines  poorly  designed  are  responsible  for  much 
waste  of  steam.  Leaks  are  seldom  repaired,  and  owing  to  exposed 
locations  the  pipe  covering  is  usually  in  bad  condition. 

From  the  above  rough  sketch  of  average  conditions  it  is  seen 
that  large  steam  consumptions  are  invited,  audit  is  a  conservative 
statement  to  say  that  for  every  effective  horse  power-hoiu-  used 
in  and  about  the  coal  mines,  25  to  30  lb.  (11.3  to  13.6  kg.)  of 
fuel  are  btmied  under  the  boilers. 

During  the  last  eight  years  the  average  value  of  the  fuel  used 
under  colliery  boilers  has  increased  in  value  from  35  cents  per 
ton  to  75  cents  per  ton  and  it  is  still  advancing. 

Today,  an  ordinary  boiler  plant  of  700  to  1000  horse  power 
rated  capacity  has  a  steam  cost  of  approximately  15  cents  per 
1000  lb.  (453.5  kg.)  of  steam  generated.  This  figtu^  drops  to 
about  12  cents  per  1000  lb.  in  plants  of  2000  to  3000  boiler  horse 
power  capacity. 

The  constantly  increasing  cost  of  steam  is  a  condition  that 
the  operator  is  beginning  to  appreciate,  and  as  a  result  he  is 
looking  for  a  cheaper  form  of  power.  The  large  savings  intro- 
duced by  the  original  small  electric  haulage  plants  proved  sug- 
gestive, and  as  a  result  many  collieries  today  are  electrically 
operated  in  whole  or  in  part. 

The  correct  design  of  a  modem  central  station  plant  for  colliery 
operations  is  a  rather  difficult  task,  and  it  requires  that  the 
future  of  the  mining  operations  be  clearly  forecast.  This  is  an 
exceedingly  difficult  thing  to  do,  and  as  a  result,  the  tendency  is 
to  curtail  the  initial  expense  as  much  as  possible  owing  to  the 
uncertainty  of  future  developments.  Hence  the  plant  is  started 
on  a  more  or  less  limited  basis  with  the  idea  of  expansion. 

This  is  good  practise,  and  the  engineer  being  eager  to  show  good 
economy  installs  apparatus  that  permits  of  a  good  load  factor 
on  the  plant,  and  as  a  result  shows  low  cost  of  power  at  the 
switchboard.  As  soon  as  the  plant  is  loaded,  additional  appara- 
tus must  be  installed.  The  station  then  will  operate  at  a  reduced 
load  factor  for  some  time,  although  there  has  been  no  reduction 
in  the  steaming  expense;  hence  the  cost  per  kw-hr.  delivered  to 
the  switchboard  has  naturally  increased. 

This  method  produces  a  variation  in  the  kilowatt-hour  cost 
from  time  to  time  and  may  result  in  the  ultimate  installation  of 
five  or  six  machines  in  the  plant.  Idle  time  periods  and  idle 
hours  during  the  working  day  require  that  some  machines  work 
at  under-load  and  this  with  full  steam  capacity  on  the  boilers, 
hence  the  load  factor  naturally  decreases,  and  as  a  result  the 
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average  kilowatt-hotir  cost  is  fairly  high..  This  condition  must 
be  so  since  the  boiler  plant  does  not  show  a  proportionate  de- 
crease in  cost  of  steam  as  the  load  falls  off.  The  continued  ac- 
quisition of  generating  capacity  along  these  lines  ultimately 
results  in  a  high  cost  per  kilowatt  installed. 

The  cost  per  kilowatt  installed  varies  somewhat  for  each 
particular  case  and  for  a  mining  central  station  of  two  500-kv-a. 
turbo-generator  tmits  the  cost  per  kilowatt  installed  was  found 
to  be  $110.07.  This  included  a  100  deg.  superheater  for  each 
boiler  xmit  (1200  boiler-horse  power  was  divided  into  three 
400-horse  power  xmits).  Stokers  were  also  included.  The  plant 
operation  was  based  on  a  50  per  cent  load  factor.  The  following 
is  an  estimated  tabular  statement  of  the  fixed  charges  per 

kilowatt  installed: 

Fixed  charges 
Item  Installation  peryr.perkw. 

cost  per  kw.      Installed 

5  per  cent  int.on  station  cost 110.07  5.50 

10     "       *      dep.  and  repairs  on  machinery . .         37.70  3.77 

6  *       *       *       •         «         •  switchboard..  3.00  .16 

10     «       «       «       •         «         "  Hght  arrester.  .30  .03 

10     «       «       «       «         "         •  superheater..  4.80  .48 

6     **       «       «       «         «         «  bldgs 6.00  .30 

10     u       u       a       u         a         «  ^al  and  ash 

handling  devices 5.00                 .50 

6     **       "       "    on  boilers 42.00               2.10 

Boiler  repairs  (800  h.p.  at  $2.25  per  yr.) 1 .  80 

50   per   cent   dep.   and   repairs  on  condenser 

(mine  water) 3.20               1.60 

5  per  cent  dep.  and  repairs  on  steam  piping.  2.00                  .10 
10     **       "       "       "         "         "  feed        water 

heater 1 .  50                 .15 

2     "       "^    taxes  and  insurance  on  plant  cost .  110.07               2.20 

Superintendence,  etc .32 

Total $19.00 

On  a  basis  of  50  per  cent  load  factor  we  would  have  the  follow- 
ing operating  cost  per  year  per  kilowatt : 

Fuel  at  75  cents  per  ton 7. 62 

Boiler  room  attendants 3.42 

Power  house           "        2. 00 

One  general  electrician  one-half  time 0. 75 

Oil,  waste,  etc 0. 20 

Water 2. 12 

$16.11 
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From  these  figures  it  will  be  observed  that  there  is  a  constant 
fixed  charge  of  $19 .00  per  kilowatt  installed  which  is  a  constant, 
regardless  of  the  load  on  the  plant.  On  a  basis  of  50  per  cent 
lo^  factor  there  is  a  yearly  charge  estimated  at  $16 .11. 

At  this  point  in  the  argument  it  is  well  to  consider  these 
values.  Under  the  item  of  fixed  cost  the  values  of  depreciation 
and  repairs  may  be  considered  high.  This  is  not  the  case.  It 
must  be  remembered  that  the  plant  is  installed  as  a  mining 
plant  to  suit  mining  conditions,  and  not  a  main  central  station 
in  some  city.  The  care  exercised  in  preserving  eflSciency,  etc., 
is  in  proportion  to  the  intelligence  of  the  help  employed,  hence 
the  plant  may  be  considered  to  depreciate  rapidly  for  two  reasons : 
First,  variations  in  the  proposed  life  of  the  plant  or  additions 
may  be  required  from  time  to  time,  with  the  result  that  present 
capacities  may  be  hardly  operated  before  the  necessary 
additions  ^ure  made,  thus  bringing  about  a  condition  of  hard 
uss^e;  second,  obsolesence  of  equipment.  The  first  reason 
naturally  carries  with  it  large  repairs.  For  these  reasons  the 
above  values  are  considered  fair,  and  hence  the  fixed  charge 
per  kilowatt  of  $19.00  is  considered  fair. 

The  operating  cost  such  as  coal,  water,  labor,  etc.,  are  the 
real  bones  of  contention,  and  at  best,  their  estimate  is  simply  a 
guess,  and  the  nearer  the  load  factor  approaches  tmity  the  better 
the  guess.  It  is  at  this  point,  the  real  crucial  point  in  the  kilo- 
watt-hotu*  cost,  that  many  fail,  simply  because  ot  the  high  value 
of  the  load  factor  assumed. 

The  investigation  of  a  mine  load  shows  that  on  account  of 
hoisting,  locomotive,  and  other  variable  power  service,  the  load 
nattirally  varies  largely  in  a  plant  of  the  above  rating.  The 
variable  load  being  such  as  to  cause  the  generators  to  be  tem- 
porarily overloaded  many  times  during  the  day.  Also,  for  many 
periods  during  the  day  they  are  nm  at  vmderloads,  and  neither 
condition  tends  toward  the  best  economy,  although  the  load 
factor  based  on  the  kilowatt-hotirs  generated  may  be  fairly  high. 
The  result  is  that  a  large  portion  of  the  kilowatt-hours  developed 
are  on  ascending  parts  of  the  water  rate  curves  of  the  prime 
movers,  and  hence,  we  approach  a  condition  of  good  load  factor 
on  a  reduced  steam  economy.  It  is  such  conditions  as  these 
that  cause  the  ordinary  mine  central  station  to  differ  from  the 
regular  city  central  station  in  which  the  load  varies  at  uniform 
rates. 

Another  condition  that  tends  to  destroy  the  calculated  load 
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factor  is  the  idle  day  periods,  and,  when  pumping  mtist  b^  taken 
care  of,  the  absence  of  large  quantities  of  water.  It  is  estimated 
that  105  days  per  year  are  idle  days,  and  naturaUy  on  these 
days  the  load  factor  is  not  nearly  so  good  as  on  the  regular 
working  day,  and  particularly  is  this  true  if  pumping  is 
not  required  during  a  part  of  this  time.  The  fixed  charge 
of  $19.00  still  keeps  on  working  silently  and  so  does  a 
large  portion  of  the  $16 .  11  due  to  operating  expenses.  The  only 
items  of  this  charge  that  show  any  real  decrease  are  the  coal  and 
water.  Therefore,  we  see  that  while  it  is  possible  to  estimate  the 
average  kilowatt  cost  per  year  at  a  total  of  $35 .00  or  $0,008  per 
kilowatt-hotir  on  a  basis  of  50  per  cent  load  factor,  there  are 
other  things  at  work  that  are  apt  to  change  this  figiu^  consider- 
ably. 

It  will  be  observed  in  the  original  estimate  of  $110.07  per 
kilowatt  installed  that  no  reserve  or  emergency  equipment  has 
been  included.  If  such  had  been  the  case,  then  the  fixed  charge 
of  $19.00  wotdd  have  to  be  considerably  increased,  with  a 
resulting  increase  in  the  estimated  kilowatt-hour  cost. 

A  number  of  calculations  on  nline  power  plants  up  to  and 
including  1500  kw.  capacity  resulted  in  a  dose  agreement  of 
all  the  figiu'es  which  may  be  expressed  in  concrete  form  as 
follows: 

Cost  per  kilowatt  installed $110.07 

Fixed  charges  per  kilowatt  per  year 19.00 

Operating  charges  per  kilowatt  per  year 16. 11 

Net  cost  per  kilowatt-hour  at  switchboard. . . .  .008 

Load  factor 50% 

A  careful  study  of  these  statements  by  the  engineer  will 
bring  to  mind  the  following  questions:  *'  Why  must  I  be  saddled 
with  a  fixed  charge  of  $19.00  per  kw,"  and  '*  how  can  I  improve 
the  load  factor  within  safe  station  limits  and  reduce  the  kilowatt- 
hour  cost?" 

Some  years  ago  a  large  central  station  of  40,000-kw.  ultimate 
capacity,  located  in  a  mining  region,  endeavored  to  interest 
the  company  by  which  I  am  employed,  in  central  station  power, 
but  lack  of  understanding  of  mining  conditions  on  the  part  of 
the  central  station  always  interfered. 

Finally  it  became  apparent  if  the  power  company  could  be 
induced  to  sell  to  the  mining  company  at  a  rate  not  exceeding 
eight  mills  per  kw-hr.  on  a  50  per  cent  load  factor  basis,  that  the 
proposition   would   be   a  fine  solution  to  the  above  perplexing 
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questions,  and  it  was  with  this  idea  in  view  that  the  mining 
company  tiltimately  took  up  the  consideration  of  central  station 
power  in  earnest. 

A  close  study  of  colliery  conditions,  such  as  the  expected  load 
factor,  periods  of  high  and  light  loads,  peak  loads,  etc.,  indicated 
that  if  a  complete  understanding  of  conditions  could  be  made 
dear  to  the  power  company  a  contract  advantageous  to  all 
parties  concerned  would  be  considered. 

Later  a  contract  was  executed  to  the  satisfaction  of  all 
concerned,  in  which  the  charge  per  kilowatt-hour  was  based 
on  load  factor  only. 

Before  the  contract  was  signed  the  following  points  were  taken 
up  and  thoroughly  discussed: 

A.  On  what  basis  ciurent  would  be  paid  for. 

B.  Territory  to  be  covered  by  the  contract. 

C.  Location  of  meters  for  registering  the  power  consumed. 

D.  Delivered  voltage,  power,  and  point  of  delivery. 

E.  Maximiun  demand  charges. 

F.  What  apparatus  should  be  considered  as  **  connected  " 
load  and  the  methods  of  rating  the  same? 

G.  The  included  rating  of  apparatus  used  intermittently. 
H.   The  method  of  determining  load  factor. 

K.   Pole  line  charges — co-party  lines. 

L.    Power  factor. 

M.  Explanation  of  terms  used. 

O.    What  constitutes  a  substation. 

The  discussion  of  each  of  the  above  topics  brought  out  the 
following  arguments  for  their  adoption,  and  at  the  same  time 
illustrates  the  items  that  should  be  considered  in  any  contract 
between  a  central  station  and  a  mine  operator. 

A.  Cturent  could  be  paid  for  either  on  the  **  straight  maximum 
demand  basis  plus  cost  per  kilowatt-hour,"  or  on  a  varying  rate 
depending  on  the  load  factor.  The  latter  plan  was  argued  and 
adopted,  because  it  is  a  simpler  method  of  handling  all  charges. 
It  eliminates  errors  due  to  wrong  reading  of  graphic  meters, 
and  hence  prevents  argument  as  to  the  demand.  To  the  ordinary 
mind,  it  presents  the  idea  of  cheaper  rates  in  a  clearer  manner 
than  rates  based  on  the  demand  system,  as  the  only  point  to  be 
observed  is  that  the  greater  the  load  factor  the  less  the  rate; 
whereas  the  straight  demand  system  has  a  tendency  to  curtail 
constunption  due  to  the  fact  that  the  demand  power  may  at 
times  be  cumulative,  and  hence  the  operator  may  feel  worried 
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as  he  sees  the  increase  on  his  demand  chart,  although  his  kilo- 
watt-hotirs  may  not  increase. 

B.  The  contract  to  be  of  benefit  should  be  made  to  cover  all 
territory  that  a  private  mining  plant  could  ultimately  cover  in 
order  that  maximtun  results  in  load  factor  would  be  obtained. 

C.  The  preferred  location  for  meters  should  be  on  the  second- 
ary side  of  transformers.  This  is  not  absolutely  necessary  if  the 
central  station  installed  the  meters. 

In  any  event  they  should  always  be  located  in  the  customers* 
substation. 

D.  In  this  case  the  power  company  agreed  to  dehver  direct 
into  the  customer's  substation,  consequently  it  seemed  fair  and 
equitable  to  permit  the  power  company  to  deliver  the  power 
and  voltage  from  its  nearest  available  lines.  This  particular 
power  delivery  should  always  be  specified  by  letter  for  any 
particular  substation;  experience  has  proven  this  to  be  sat- 
isfactory. If  the  customer  was  required  to  build  his  line  into 
his  own  substation  then  he  should  have  the  privilege  of  determin- 
ing his  own  voltage  in  order  to  suit  his  delivery  requirements. 
This  would  eliminate  the  cost  of  probable  transformers  on  the 
part  of  the  customer^  in  lieu  of  the  investment  required  by  the 
pole  line. 

E.  Under  (A)  it  was  decided  to  use  a  sliding  rate  per  kilowatt- 
hour  rather  than  a  charge  based  on  maximum  demand.  On 
what  would  the  maximum  demand  be  based?  Certainly  not  on 
the  momentary  maximum  starting  loads  of  motors,  as  the  start- 
ing peaks  of  motors  would  scarcely  be  noticed  on  the  load 
curve  of  a  station  of  40,000  kv-a. ;  neither  could  a  two-  or  three- 
minute  peak  be  used  on  account  of  the  diflSculty  of  properly 
analyzing  curves  for  such  a  time  limit,  as  errors  would  naturally 
be  introduced  by  the  thickness  of  the  line;  neither  could  a  five- 
minute  peak  be  used,  because  this  would  tend  to  eliminate 
hoisting  and  this  would  be  imfair  to  the  central  station,  as  much 
hoisting  is  done  on  a  one-,  two-,  or  three-minute  basis. 

To  settle  this  question,  tlie  central  power  plant  officials  visited 
many  plants  in  the  mining  regions,  and  found  from  actual 
observation  that  the  rating  of  the  "  connected  "  load  was  just 
about  twice  the  average  maximum  demand  that  occurs  on  the 
plant.  Experience  proved  this  to  be  fairly  close,  hence  for  the 
term  "maximum  demand"  a  figure  was  used  that  was  equal  to 
one-half  of  the  total  "  connected  "  load,  rated  in  kilowatts. 

F.  Since  the.basis  of  cost  was  load  factor  and  since  the  "  max- 
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imum  demand  "  as  outlined  above  is  used  in  lieu  of  station 
capacity  it  is  necessay  to  correctly  define  the  "connected  load." 

This  to  consist  of  all  direct  power  consuming  devices  (no 
transformers,  converters,  motor-generator  sets,  etc.)  and  is 
equal  to  the  stun  of  the  name  plate  ratings  of  all  motors,  or  lamps, 
or  heating  devices,  etc. 

Exceptions.  D-c.  hoist  and  d-c.  locomotives  to  be  rated  on 
one  hotu*  nominal  rated  basis.  A-c.  hoists  to  be  rated  on  their 
continuous  basis,  and  where  transformers  are  used  for  lighting 
only,  then  the  full  kilowatt  rating  of  the  transformers  is  used. 

G.  Suppose  reserve  equipment  should  be  installed  such  as 
ptunps  to  give  protection  in  time  of  floods.  This  equipment 
would  be  in  service  only  a  few  weeks  total  time  per  year.  It 
was  considered  equitable  to  include  this  apparatus  only  for 
the  month  during  which  it  was  \ised.  It  is  reasonable  to  state 
that  in  a  private  mining  plant  emergency  conditions  are  given 
preference,  and  therefore  other  apparatus  would  not  be  worked; 
for  this  reason  it  was  considered  that  such  reserve  equipment 
should  not  be  carried  from  month  to  month  as  connected  load. 

H.  The  method  of  determining  load  factors  was  intimated  in 
(P)  and  is  as  follows:  Let  the  total  manufacttu^rs  name  plate 
rating  of  apparatus  used  dtiring  the  month  equal  500  kw.  and 
let  the  total  kilowatt-hours  used  dtuing  the  month  of  thirty 
days  equal  72,000;  then  the  maximum  demand  is  equal  to  500 
divided  by  2,  equals  250,  and  the  average  demand  is  equal  to. 
72,000  divided  by  30  days  times  24,  equals  100;  therefore,  100 
divided  by  250  equals  40  per  cent  which  is  the  load  factor. 
Reference  to  the  cost  curve  shows  the  rate  to  be  approximately 
$.009,  therefore  the  charge  for  that  particular  month  would  be 
72,000  kw-hr.  times  S.009  equals  <648.00. 

K.  If  the  coal  company  should  require  the  power  company  to 
build  a  power  line  expressly  to  reach  a  substation,  then  it  seems 
fair  and  equitable  that  the  power  company  should  be  paid  a 
charge  on  this  line  that  will  represent  a  total  investment  charge 
on  the  line.  However,  if  the  coal  company  uses  power  of  a  value 
in  excess  of  this  investment  charge,  then  no  pole  line  cost  shall 
be  included  in  the  monthly  bill,  but  if  no  power  is  used  then  the 
ftdl  investment  charge  is  to  be  paid.  This  service  was  fixed  at 
15  per  cent  of  the  pole  line  cost. 

Exceptions.  If  the  power  company  should  place  extra  cus- 
tomers on  this  line,  then  this  15  per  cent  Une  charge  should  be 
pro-rated  among  the  various  customers  in  proportion  to  their 
respective  "  demands." 
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L.  At  all  times  it  is  to  the  interest  of  the  coal  company  to 
have  the  proper  voltage.  The  installation  of  considerable 
amounts  of  induction  machinery  tends  to  destroy  this  feature, 
and  may  cause  trouble  to  pumps,  fans,  and  hoists,  hence  to 
protect  itself  it  is  good  policy  on  the  part  of  the  coal  company  to 
use  power  factor  correcting  devices  judiciously. 

M.  In  order  that  no  errors  in  calculations  in  load  factors,  etc. 
could  arise  through  ignorance,  the  power  company  considered 
it  advisable  to  make  use  of  definitions  that  clearly  explain  the 
following  terms: 

Maximum  demand. 

Manufacturers  name  plate  rating. 

Load  factor. 

Day. 

0.  To  suitably  define  the  word  "  substation  "  it  was  deter- 
mined that  all  operations  that  could  be  conveniently  grouped 
under  one  colliery  lease  should  be  known  as  a  substation. 

From  the  above  discussion  of  the  elements  of  a  power  contract 
it  is  seen  how  essential  it  is  that  the  central  station  people  should 
be  made  to  thoroughly  imderstand  colliery  operations  and  the 
conditions  relating  to  connected  loads,  and  in  addition  they 
should  be  made  to  appreciate  the  fact  that  the  day  load  is 
highly  desirable  as  it  reduces  their  station  losses  and  increases 
their  load  factor  to  a  very  high  degree,  and  when  the  night  loads 
occur  that  they  are  usually  of  the  constant  duty  kind. 

Failures  on  the  part  of  others  to  obtain  satisfactory  rates 
could  no  doubt  be  charged  directly  to  this  lack  of  knowledge  on 
the  part  of  the  central  station  which  is  due  to  the  failure  of  the 
mining  company  to  properly  co-operate  with  the  central  station 
people. 

The  company  with  which  I  am  connected  has  been  operating 
on  central  station  power  for  about  one  year,  and  up  to  the  present 
we  have  about  1000  kw.  connected  load  consisting  of  fans,  pumps, 
hoists,  locomotives,  and  heaters,  and  provisions  are  being  made 
to  increase  this  amount  in  the  near  future  by  about  2500  kw. 
Plans  are  now  under  way  to  remove  the  present  boiler  plant 
from  a  colliery  and  operate  entirely  by  central  station  power. 

Since  operating  on  central  station  power,  a  number  of  features 
have  presented  themselves  that  make  it  look  like  a  very  satis- 
factory arrangement.    They  are  as  follows: 

1.  Our  average  kilowatt  cost  is  lower  than  the  estimated  kilo- 
watt charges  m  tVve  t^Xao  oi  ^.^yawt,  7\  to  8,  and  this  kilowatt 
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charge  is  based  on  delivery  at  our  substation  meters,  and  not 
at  the  main  power  house  switchboard  as  per  the  original  data. 

2.  The  company  is  more  ready  to  consider  additions  to  its  power 
equipment  due  to  the  fact  that  main  power  plant  costs  have  been 
entirely  eliminated  and  do  not  appear  in  the  estimate. 

3.  There  is  always  a  **  readiness  to  serve  "  on  the  part  of  the 
central  station  and  this  is  seldom  true  of  the  mining  power 
plant. 

4.  There  is  absolutely  no  worry  due  to  power  plant  operation. 

5.  In  case  of  holidays  etc.  the  monthly  bill  will  increase 
slightly,  which  would  not  be  the  case  in  those  plants  operated 
by  the  mining  company  for  in  such  plants  labor  and  fuel  decrease 
but  little. 

6.  As  electric  operations  increase,  less  demands  are  made  on 
the  colliery  boiler  plant  with  the  result  that  coal  will  be  sent  to 
a  ready  market  which  otherwise  would  be  burned  under  the 
boilers,  and  ultimately  this  will  be  no  small  amount  of  fuel. 

7.  The  use  of  central  station  power  affords  a  remarkably  cheap 
method  of  reaching  isolated  banks,  and  isolated  pumping  prob- 
lems. Operations  such  as  small  washeries  are  more  or  less 
temporary  in  character,  and  can  be  advantageously  worked 
without  causing  the  distress  that  might  be  occasioned  when 
operated  from  a  mine  central  station. 

8.  The  service  is  reliable.  Our  service  up  to  the  present  time 
does  not  total  more  than  15  minutes  delay  due  to  failure  of 
supply  and  these  failures  were  directly  due  to  lightning. 

9.  The  effect  of  efficiency  is  not  particularly  noticeable  hence 
air  gaps  can  be  made  larger  which  is  highly  desirable  in  mining 
apparatus  as  it  reduces  the  danger  of  break-down. 

In  the  above  discussion  the  author  has  presented  the  case  of 
mine  central  station,  vs.  public  service  corporation  supply  as 
it  appears  to  him.  Experience  has  been  somewhat  limited,  but 
the  longer  the  service  is  continued  the  more  is  the  author  con- 
vinced that  the  purchase  of  power  from  public  service  corpora- 
tions offers  advantages  that  should  not  be  overlooked  by  mining 
corporations. 


1046  POWER   FOR    COAL   MINES  [April  18 

Discussion  on  "  Purchased  Power  in  Coal  Mines"  (Eddy) 
AND  "  Central  Station  Power  for  Coal  Mines" 
(Beers),   Pittsburgh,  Pa.,  April  18,  1913. 

K.  A,  Patily:  We  are  very  fortunate  to  have  secured  these 
valuable  papers  on  this  very  important  subject  of  central  station 
versus  isolated  plants  for  coal  mines.  Many  of  the  points  brought 
out  might  readily  form  the  subjects  for  separate  papers.  Such 
papers  are  especially  valuable  because  they  give  the  views  of 
engineers,  who,  because  of  their  experience,  are  eminently  com- 
petent to  deal  with  the  subject.  I  do  wish,  however,  to  point 
out  and  emphasize  the  agreement  between  these  three  engineers 
whose  opinions  are  based  on  actual  and  independent  experiences, 
representing  both  sides  of  the  question.  While  there  are  doubt- 
less large  mining  companies  which  can  and  do  maintain  highly 
eflScient  and  economical  electric  generating  and  distributing 
systems,  it  appears  to  me  to  be  a  foregone  conclusion  that  in 
general — ^and  this  is  especially  true  of  all  but  the  larger  com- 
panies— a  public  service  corporation  shotdd  be  in  a  position 
to  deliver  power  at  a  lower  cost  than  it  can  be  produced  in  an 
isolated  plant  and  that,  in  addition,  the  service  shotdd  be  much 
more  reliable. 

We  have,  on  the  one  hand,  a  mining  company  whose  efforts 
are  devoted  to  the  production  of  coal  at  a  minimum  cost,  and 
in  which  cost  the  item  of  power  plays  but  a  minor  part.  In 
addition  to  this  the  power  cost  is  handicapped  by  a  low  load 
factor,  resulting  in  high  fixed  charges  and  operating  costs,  which 
combine  to  give  a  high  power  cost.  On  the  other  hand,  the 
one  object  of  the  public  service  corporation  is  that  of  develop- 
ing cheap  and  reliable  power.  It  maintains  a  corps  of  compe- 
tent engineers  who  devote  their  entire  time  to  the  problems  in- 
cident to  the  development  of  cheap  and  reliable  service.  They 
have  at  their  command  the  necessary  capital  to  introduce  im- 
provements and  make  extensions,  which  make  for  lower  power 
cost.  Assisting  them  in  their  efforts,  they  have  the  greatest 
diversity  of  loads  to  bring  up  their  load  factor.  To  sum  it  up, 
so  to  speak,  the  one  is  a  coal  manufacturer  and  the  other  a  manu- 
facturer of  power. 

There  is  but  one  detail  to  which  I  wish  to  refer  in  connection 
with  these  papers,  and  that  is  the  question*  of  steam  and  fuel 
consumption  brought  out  in  Mr.  Beers'  paper.  The  contention 
made  by  the  advocates  of  the  isolated  plant,  as  has  been  pointed 
out,  is  that  the  price  of  coal  is  low.  Fuel  is  but  one  of  the  items 
entering  into  the  cost  of  power,  and  the  low  priced  fuel  is  not 
necessarily  the  most  economical  to  use.  These  inferior  grades 
are  high  in  ash  content,  require  more  labor  in  the  boiler  plant, 
and  cause  a  considerably  higher  cost  for  maintaining  the  boilers 
which  may  nearly,  if  not  quite,  offset  the  low  cost  per  ton  for 
fuel.  I  am  especially  interested  in  Mr.  Beers'  statements  with 
regard  to  the  steam  and  coal  consumption  of  the  present,  in 
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many  cases,  obsolete  steam  equipments  about  the  mines.  We 
advocates  of  the  application  of  electricity  to  mining  operations 
have  always  contended  that  the  actual  steam  consimiptions  are 
far  in  excess  of  the  figures  given  by  our  steam  competitors, 
but  never  before  have  we  had  so  complete  and  positive  a  state- 
ment of  the  facts  as  is  given  in  Mr.  Beers'  paper.  Much  of 
this  inefficiency  is  due  to  wear  with  age.  Contrast  with  this 
the  almost  constant  efficiency  with  the  electric  motor,  which 
varies  but  slightly  with  length  of  time  in  service.  Again,  a 
great  deal  of  the  high  fuel  consumption  is  chargeable  directly 
to  the  low  load  factor,  under  which  the  small  isolated  plants 
are  operating.  I  am  familiar  with  a  seven  day  test  of  a  large 
mine  hoist  which  gave  approximately  seventy-five  pounds  of 
steam  per  shaft  horse-power-hour  as  the  water  rate  of  the  engine, 
and  showed  that  the  fuel  constuned  during  the  idle  period  of 
the  hoist  was  approximately  50  per  cent  of  that  required  for 
hoisting. 

George  H.  Morse:  Mr.  Eddy  has  remarked  that  the  power 
plant  of  the  mine  is  by  natural  causes  necessarily  located  at  the 
least  advantageous  point,  that  i^,  at  the  mouth  of  the  mine. 

Those  are  natural  causes  of  disadvantage.  I  recently  installed 
a  fan  plant  in  Eastern  Ohio,  which  suffered  from  difficulties 
which  came  through  artificial  causes.  I  refer  to  the  recent  law 
passed  in  Ohio  limiting  the  voltage  to  250  volts  in  the  mines. 
Two  hundred  and  fifty  volts  may  do  for  some  mines,  but  there 
are  other  mines,  which  are  of  sufficient  length  to  make  it  neces- 
sary to  use  500  volts,  if  power  is  to  be  transmitted  from  the 
mouth  of  the  mine  to  the  interior  of  the  mine.  I  have  in  mind 
one  mine  at  Wheeling  in  which  they  have  for  several  years  used 
220  volts.  The  mine  has  gone  on  increasing  in  length,  and 
the  next  step  was  to  introduce  a  booster,  because  the  voltage 
was  low  and  the  motors  heated,  and  now  the  booster  is  not  suffi- 
cient, and  at  the  mouth  of  the  mine,  there  are  perhaps  a  dozen 
large  cables,  of  600,000  cir.  mils  waiting  to  reinforce  the  copper. 
These  conditions  notwithstanding,  the  point  I  wish  to  emphasize 
is  this,  that  the  position  taken  by  the  legislature  in  Ohio,  in 
permitting  even  250  volts  to  be  used  in  mines,  is,  in  my  opinion, 
wrong.  Two  hundred  and  fifty  volts  is,  to  the  speaker's  thinking, 
too  high.  In  fact,  if  we  could  have  the  power  introduced  into 
suitable  points  in  the  mine  at  high  and  workable  voltage,  so 
far  as  primary  is  concerned,  and  then  reduce  it  even  to  as  low 
as  60  volts,  I  think  that  insulation  troubles  and  death  from 
electric  causes  would  be  very  much  reduced. 

E.  D.  Dreyfus:  The  various  papers  that  exemplify  the  ad- 
vantages of  "  importing  '*  power  to  the  coal  mine  add  another 
chapter  to  "  exploded  "  theories.  On  first  thought  one  would 
natturally  suppose  that  coal  as  it  was  disemboweled  from  the 
earth  cotdd  be  most  economically  converted  into  power  on  the 
spot  for  use  on  the  premises.  But  this  now  has  been  generally 
proven  to  fall  far  short  of  reality  owing  to  the  modifjdng  and 
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militating  conditions  which  have  been  discussed.  The  ideas 
held  by  our  forebears  likewise  conflict  with  the  present  develop- 
ments, as  is  evident  in  referring  to  the  saying  originated  by  an 
English  writer  by  the  name  of  Fuller,  in  1661,  **To  carry  coals 
to  New  Castle  "  (the  Pittsbiu"gh  coal  district  of  Great  Britain), 
which  was  used  as  an  expression  of  a  preposterous  situation. 
This  conception  is  no  longer  valid  since  we  see  on  every  hand 
power  companies  delivering  the  energy  equivalent  of  the  coal 
to  the  very  heart  of  the  mine  at  distances  that  already  greatly 
exceed  50  miles.  The  evolution  curiously  does  not  stop  at  this 
point,  for  we  are  beginning  to  witness  a  gradual  substitution 
of  the  "  black  diamond  "  for  producing  the  power  required  in 
coal  mining  by  a  much  more  valuable  resource  in  the  natiu^  of 
**  white  coal  "  or  water  power. 

The  march  of  progress  in  this  direction  has  been  very  marked. 
In  rather  limited  time,  I  have  personally  observed  over  200 
coal  mining  companies  that  have  become  users  of  central  station 
power,  and  this  I  know  is  a  small  percentage  of  the  whole, 
and  the  rapidity  with  which  new  mines  are  added  to  the  lists 
seems  to  be  mostly  a  factor  of  time  in  which  the  power  companies 
find  themselves  able  to  extend  their  service  to  the  scattered  lo- 
cations. The  coal  mine  operator  through  his  lengthy  experience 
in  the  production  and  utilization  of  coal  intuitively  becomes  a 
very  capable  judge  of  the  unit  value  of  power,  which  often 
makes  "  fine  haired  "  figuring  imnecessary  with  him.  If  ideal 
cost  only  were  considered  the  increased  use  of  purchased  power 
by  the  coal  mines  would  have  been  impeded,  but  the  practical 
sense  of  the  operator  has  fortunately  prevailed.  I  mention  these 
facts  merely  to  indicate  that  we  must  go  cautiously  into  the 
subject  of  general  cost  of  power.  To  do  it  justice  we  will  have 
to  cover  an  almost  limitless  field.  There  are  more  variable 
factors  and  intangibles  in  power  costs  than  many  of  us  are  able 
to  appreciate,  and  to  broadly  compare  rates,  prices  or  cost 
without  a  definite  accounting  of  conditions  would  be  entirely 
improper.  In  the  philosophy  of  power  costs  there  must  be  a 
liberal  reckoning  with  the  various  elements  that  go  to  makeup 
the  total  expense.  And  by  virtue  of  these  conditions  no  two 
installations  or  situations  in  any  two  districts  are  directly 
comparable. 

The  Pittsburgh  district  has  evidently  been  the  pioneer  in  this 
country  in  applying  central  station  power  to  the  coal  mine  on  a 
large  and  extensive  scale,  and  other  territories  have  been  able 
undoubtedly  to  profit  by  the  important  development  wrought 
in  this  region.  But  the  economy  of  production  has  in  the  mean- 
time advanced  to  such  a  degree  that  the  tonnage  costs  tmder 
similar  circumstances  would  be  lower  than  in  other  localities 
even  if  they  were  to  pay  higher  prices  in  some  cases.  However, 
on  examination,  and  with  load  factor  and  surroundings  balanced, 
it  is  believed  tha  it  will  be  found  that  the  Pittsbiu*gh  district 
enjoys  very  exce  lent  rates  which  correspondingly  are  at  the 
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lowest  possible  level  when  favorable  operations  either  obtain  or 
are  asstuned. 

Finally  we  should  regard  the  character  of  the  mine  electrical 
equipment  as  carefully  as  the  cost  and  reliability  of  the  central 
station  supply.  I  can  not  urge  too  strongly  the  employment  of 
the  best  talent  in  planning  and  executing  the  local  installation. 
Central  stations  invariably  prefer  to  serve  mines  in  which  the 
application  of  electrical  equipment  is  properly  made,  rather  than 
where  the  apparatus  and  methods  are  inefficient,  although  the 
amoimt  of  power  consiuned  is  greater  in  the  latter  case. 
They  desire  that  the  service  be  entirely  satisfactory  in  every 
respect  even  if  it  results  in  a  smaller  income  to  them.  Some 
of  the  good  work  that  has  been  carried  out  imder  the  super- 
vision of  our  professional  electrical  engineers  has  been  promi- 
nently reflected  in  the  success  and  economy  of  the  mines  for 
which  they  have  stood  responsible. 

T.  E.  Tjnes:  As  to  the  points  enumerated  in  Mr.  Beers' 
paper,  I  fail  to  see  any  mention  made  as  to  whether  the  coal 
operator  is  reimbursed  for  interruptions  to  his  service,  incurred 
by  the  power  company. 

W.  Partridge:  I  would  like  to  call  attention  to  Mr.  Beers' 
figures  in  which  he  apparently  shows  that  power  can  be  produced 
for  8  mills.  This  may  be  true  in  Mr.  Beers'  case,  with  a  compara- 
tively large  station  of  about  1000  kv-a.,  and  with  85  and  50 
per  cent  load  factors,  but  in  the  mine  plants  with  which  we 
have  had  experience  the  load  factor  js  nearer  20  per  cent.  Also 
most  of  the  mining  operators  are  willing  to  charge  for  their 
coal  the  price  which  they  can  get  for  it  on  the  cars,  which  would 
be,  at  least  $1.  If  you  do  a  little  figuring,  changing  the  load 
factor,  and  changing  the  coal,  you  will,  in  small  plants  of  100, 
200  or  300  h.p.,  get  a  cost  in  the  neighborhood  of  2  cents  per 
kw-hr.  Recently  in  Boston  I  ran  across  an  engineer  accustomed 
to  install  small  plants  in  mills  and  factories.  His  ideas  and 
mine  on  the  subject  of  power  costs  were  entirely  different.  He 
started  out  by  saying  that  he  thought  it  was  absurd  to  think 
that  at  a  coal  mine,  power  could  be  bought  from  the  central 
station  cheaper  than  it  could  be  manufactured,  and  then  he 
asked  what  our  rates  were.  I  told  him  in  the  case  under  con- 
sideration the  rate  would  be  somewhere  around  1.5  cents  per 
kw-hr.  He  thought  that  that  was  too  low,  and  that  any  com- 
pany that  was  willing  to  make  a  contract  to  supply  power  for 
1.5  c.  per  kw-hr.,  should  be  required  to  give  a  bond  to  the  company 
with  which  the  contract  was  made,  for  fear  that  the  power 
company  might  wind  up  at  any  minute.  Then  afterward  he 
got  out  his  pencil  and  started  to  figure  what  he  could  make 
the  power  for,  and  before  he  got  through  he  had  it  down  to 
f  ct.  per  kw-hr.,  including  the  fixed  charges  for  a  little  plant  of 
about  200  h.p.  He  did  not  like  to  figure  on  a  kw-hr.  basis. 
His  figures  were  on  the  h.p.  basis,  and  one  of  his  claims  was  that 
he  could  and  was  producing  power  in  a  number  of  plants  in  New 
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England  on  1.5  lb.  of  coal  per  h.p-hr.  I  afterwards  came  to 
the  conclusion  that  one  of  the  ways  in  which  he  was  fooling  him- 
self and  his  customers,  was  this.  He  would  take  an  engine 
installation,  of  say,  300  h.p.,  and  take  the  total  cost  of  operating 
the  engine  for  10  hours  a  day  throughout  the  month,  and  then 
assume  that  the  engine  was  carrying  full  load  during  the  entire 
period.  Such  a  basis  is  easily  exploded  by  taking  indicator 
diagrams  on  the  engine,  and  those  who  are  familar  with  selling 
power  on  a  kw-hr.  basis  know  that  the  load  factor  on  almost 
any  type  of  machinery  is  generally  nearer  20,  30  or  40  per  cent 
than  it  is  100  per  cent. 

W,  E.  Dickinson:  Practically  everything  has  been  said  on 
the  side  of  central  stations  that  can  be  said,  and  I  have  nothing 
to  add,  but  for  the  sake  of  argimient  I  want  to  call  attention  to 
a  few  points  that  may  suggest  a  debate  here.  I  should  like  some 
one  to  take  sides  against  the  central  station  to  open  a  debate, 
knowing  the  popularity  of  the  central  station  in  connection  with 
coal  mining  operations. 

Mr.  Beers  in  his  paper  brought  out  the  fact  that  much  steam 
was  used  around  the  coal  mine  anyway.  So,  I  ask,  has  he  charged 
up  in  the  fixed  charges  the  expenses  of  that  part  of  the  steam  plant 
used  purely  and  distinctly  and  entirely  for  the  electrical  side 
of  his  power  plant,  or  has  he  charged  in  repairs  and  depreciation, 
etc.,  for  that  part  of  the  boiler  equipment  that  is  to  be  used 
generally  for  other  purposes? 

He  has  brought  out  the  fact  that  power  generated  today  at 
8  mills  has  been  satisfactory.  I  should  like  to  know  what 
central  station  company  will  sell  power  at  8  mills.  I  should 
be  glad  if  any  one  here,  who  is  willing  to  make  a  contract  to 
sell  power  at  8  mills,  for  a  fairly  long  period,  will  let  me  know 
where  I  can  see  him  to  arrange  for  the  purchase  of  power  on  that 
basis,  as  I  should  like  to  jot  it  down  for  future  reference.  If 
you  begin  to  bargain  with  a  central  station  power  plant  for  power, 
they  are  more  apt  to  charge  about  2  cents  or  3  cents,  than  8 
mills  or  8.5  mills.  To  purchase  power  at  8  mills  is  certainly 
unusual. 

Mr.  Beers  spoke  of  it  being  only  fair  to  pay  15  per  cent  on 
the  first  cost  of  the  pole  line.  Has  he  added  that  into  the  cost 
of  his  power? 

Then,  his  definition  of  the  substation  is  rather  a  complex 
one.  He  speaks  of  the  substation  as  being  at  any  prearranged 
point  in  one  colliery,  for  instance,  at  the  entrance  thereto;  while 
Mr.  Eddy  speaks  of  the  advantages  of  the  central  station 
because  of  the  ability  to  move  the  motor-generator  set  from  one 
point  to  another,  and  the  probability  of  being  able  to  duplicate 
motor-generator  sets  and  of  placing  them  at  several  points.  I  ask 
whether  the  attendants  upon  the  motor-generator  set  or  the 
synchronous  converter  would  not  make  an  additional  cost  to 
the  coal  company?  Neither  speaker  seems  to  have  considered 
this  expense. 


19131  DISCUSSION  AT  PITTSBURGH  1051 

Now,  another  point  that  has  been  suggested  as  favoring  the 
use  of  central  station  power  is  changing  the  feeding  point. 
Would  not  that  also  be  possible  in  using  a  local  power  plant, 
and  would  not  that  also  entail  additional  cost? 

The  making  of  a  long  term  contract  may  be  beneficial  to  the 
coal  company,  but  it  may  be  detrimental  to  the  coal  company, 
under  certain  conditions,  because  of  the  fact  that  the  long  term 
contract  is  binding  upon  either  company.  If,  in  any  way,  the 
coal  company  should  find  it  to  its  advantage  to  make  some  change 
in  its  equipment,  it  is  bound  down  by  a  long  term  contract. 
The  time  may  come  when  the  erection  of  its  own  central  station 
may  be  justified  by  the  extension  of  its  property. 

I  believe  that  those  are  about  the  only  points  I  noticed  es- 
pecially that  might  be  brought  up  for  argument. 

H.  C.  Eddy:  Various  companies  that  are  incorporated  under 
the  title  "  American  Gas  &  Electric  Company  *'  are  entirely 
willing  to  sell  power  under  certain  conditions  at  8  mills,  or  even 
slightly  tmder  8  mills.  The  cost  of  producing  that  power 
is  easily  all  of  that,  or  perhaps  more,  and  it  might  be  a  pertinent 
question  to  ask  how  we  cian  make  money  by  selling  power  at 
less  than  it  costs  to  produce.  The  answer  to  that  is  very  simple, 
it  is  composed  of  two  words:  Diversity  factor. 

You  have  an  output  in  a  certain  given  plant  of  a  certain  ntunber 
of  kw-hr.  per  month  or  per  year,  which  costs  to  produce  at  the 
switchboard  a  certain  amount,  suppose  we  say  it  costs  8  mills  to 
produce  it.  That,  under  ordinary  conditions  of  load,  means  a 
comparatively  low  plant  load  factor  for  twenty-four  hours, 
and  it  is  the  twenty-four  hours*  expense  that  is  the  most  impor- 
tant. The  restdt  is  that  if  we  can  find  a  customer  who  will 
use  our  facilities  and  our  capacity  and  our  investment,  during 
those  hours  in  the  twenty-four  when  the  majority  of  our  custom- 
ers do  not  use  these  things,  we  can  afford  very  well  to  sell  that 
power  during  those  hom^  at  about  the  cost  of  production,  and 
make  a  profit,  because  it  will  reduce  our  total  cost  per  kw-hr. 
for  all  that  we  turn  out. 

There  was  one  other  point  that  the  gentleman  brought  out,  and 
that  was  the  matter  of  the  change  of  location  of  motor-generator 
sets.  He  suggested  that  that  might  be  equally  feasible  in  the 
case  of  an  individual  mine  power  plant.  It  is,  provided  the 
individual  mine  power  plant  has  the  necessary  equipment  to  trans- 
mit cturent  for  considerable  distances  with  slight  loss;  in  other 
words  if  the  plant  is  equipped  with  alternating-current  generators 
andean  deliver  current  at  anywhere  from  2300  volts  upwards, 
they  can  install  motor-generator  sets,  with  synchronous  convert- 
ers, and  move  them  about  with  the  same  facility  as  though  they 
were  purchasing  power,  but  the  fact  remains  that  there  are  only 
one  or  two  coal  mining  companies  that  do  busines  on  that  basis. 
They  are  very  large,  and  they  have  that  sort  of  equipment. 
The  average  coal  mine,  however,  has  one  or  two  150-kw.  genera- 
tors, 220  or  500  volts.     Occasionally  you  will  find  a  mine  that 
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has  a  generator  of  300  kw.  capacity  in  one  size,  or  something 
of  that  kind,  but  in  this  section  of  the  cotintry,  with  the  bitum- 
inous mines,  at  least,  they  nm  to  small  units  as  a  rule. 

The  result  is  that  if  they  were  tb  sacrifice  the  present  equip- 
ment and  replace  it  with  the  proper  amoimt  of  alternating-current 
apparatus,  and  then  were  to  go  fiu"ther  and  buy  the  necessary 
conversion  equipment,  their  plant  cost  would  continue  to  go 
up,  and  their  fixed  charges  would  be  correspondingly  higher, 
and  their  cost  per  kw.  hr.  would  be  increased,  so  that,  even  imder 
those  circtmistances,  it  would  be  cheaper  for  them  to  limit  their 
investment  to  the  conversion  apparatus  only,  and  then  place 
it  where  it  will  do  the  most  good. 

George  R.  Wood:  I  think  Mr.  Eddy  underrates  the  average 
size  and  number  of  central  station  mining  plants.  There  are 
today  between  15  and  20  a-c.  mining  plants  with  substations, 
and  I  believe  the  average  d-c.  plant  is  300  kw.  or  over. 

There  is  one  additional  advantage  in  purchased  power,  com- 
pared with  your  own  d-c.  plant.  In  the  latter  case,  as  the  mine 
advances  and  requirements  increase,  an  addition  to  generating 
capacity  means  an  investment  of  $80  to  $100  per  kw.  With 
purchased  power,  only  an  additional  substation  is  required, 
with  investment  of  $15  to  $20  per  kw. 

C.  W,  Beers:  In  regard  to  the  power  company  paying  the 
coal  company  for  delays,  I  want  to  say  that  there  is  a  penalty 
clause  in  our  contract  with  the  power  company  from  which  we 
purchase  power,  and  under  which  they  are  responsible  for  delays. 

They  agree  to  pay  our  company  a  certain  sum  of  money,  to 
be  reached  by  agreement,  for  any  delays  that  occur  which  are 
serious  enough  to  interrupt  the  operations  of  the  mining  com- 
pany. We  also  have  in  that  contract  a  clause  which  gives  the 
power  company  the  right  to  ask  us  for  delays  or  interruptions, 
without  charge.  For  instance,  they  may  want  to  do  something 
to  their  generator  plant,  and  we  could  afford  to  shut  down,  say, 
from  some  period  on  Sunday  until  some  later  period  on  Stmday 
evening,  or  from  Saturday  evening  until  Sunday  morning,  or 
something  of  that  kind,  so  that  we  are  advised  in  advance  to 
make  these  arrangements;  but  for  unexpected  delays  in  our  op- 
erations, resulting  from  the  power  company  failing  to  give  us 
power,  and  which  result  in  damage  to  us,  the  power  company 
will  pay  us  a  certain  sum  of  money. 

In  regard  to  the  question  of  bringing  up  the  case  of  cost  of 
steam  in  electrically  operated  plants,  we  have  no  steam  at  those 
collieries  that  we  propose  to  operate  electrically.  We  may  bring 
up  the  question  of  heating  at  these  particular  plants,  but  we 
have  not  got  up  to  the  point  yet  where  we  are  really  running 
any  boiler  plgnt  for  heating  purposes  at  all.  So  far  we  have 
confined  ourselves  to  a  small  test,  that  we  are  now  conducting, 
in  regard  to  heating  by  stoves  or  heating  by  electric  power. 
We  have  not  come  to  any  particular  conclusion  on  that  point, 
but  at  one  big  colliery,  that  we  are  proposing  to  operate  entirely 
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by  electricity,  we  will  probably  during  the  cold  winter  months 
run  a  small  boiler  plant. 

With  reference  to  the  question  as  to  what  power  company 
sells  power  for  8  mills,  in  the  case  of  the  power  company  I  am 
buying  from,  we  are  paying  monthly  bills  now  as  low  as  5.3 
mills  per  kw. 

In  regard  to  the  question  of  pole  line  cost,  whether  or  not 
we  have  included  this  in  our  aimual  costs,  I  want  to  say  we  have 
not  included  any  pole  line  costs  so  far,  because  as  soon  as  we  get 
a  line  in  we  propose  to  load  that  line  up.  We  want  to  keep  above 
the  minimum  charge.  We  think  that  is  our  privilege  to  do. 
Where  we  do  not  use  power,  we  pay  the  15  per  cent,  but  we  do 
not  propose  to  have  a  line  go  in  and  not  use  it.  We  expect  to 
use  every  line  and  to  load  it  up. 


iii 


PiiMmrMh,  Pa..  A#r<l  18.  lOia. 

Copyright  1018.    By  A.I.B.B. 


SAFEGUARDING  THE  USE  OF  ELECTRICITY  IN  MINES 


BY  H.  H.  CLARK 


In  connection  with  the  use  of  electricity  in  mining  work 
there  are  three  possible  dangers — shocks,  fires  and  explosions. 
The  electrical  accidents  that  occur  most  frequently  are  shocks. 
The  conditions  under  ground  are  peculiarly  favorable  to  the 
occurrence  of  such  accidents.  One  can  scarcely  imagine  con- 
ditions that  are  more  conducive  to  the  occurrence  of  electric 
shocks  than  the  intimate  association  of  bare  conductors  with 
many  more  or  less  untrained  men  standing  upon  the  ground, 
or  upon  track  rails,  in  limited  spaces  that  are  damp,  dusty  and 
poorly  lighted. 

Sources  op  Electric  Shocks 

Trolley  wires  in  mines  present  the  most  fruitful  sources  of 
electric  shocks.  Trolley  wires  are  necessarily  bare  conductors 
that  extend  for  long  distances  throughout  a  mine.  They  are  often 
installed  less  than  a  man's  height  above  the  track  rail  that  is 
used  as  part  of  the  return  circuit,  and  they  are  often  installed 
in  this  manner  in  places  where  men  must  work  in  making  up 
trips  (trains)  of  cars,  as,  for  instance,  at  points  where  loaded  trips 
are  brought  by  electric  locomotives  to  the  foot  of  a  rope  haulage 
system. 

Another  source  of  danger  from  electric  shock  is  the  acciden- 
tal charging  of  parts  of  equipment  that  are  not  supposed  to 
carry  electric  current.  Shocks  of  this  character  are  obtained 
most  frequently  from  the  frames  of  coal-cutting  machines.  The 
frames  of  locomotives  become  charged  to  the  same  potential 
as  the  trolley  wire,  if,  while  the  motor  or  headlights  are  in  opera- 
tion, the  locomotive  loses  its  grotmd  by  reason  of  oversanding 
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or  for  any  other  cause.  Under  such  circumstances  a  very 
severe  shock  can  be  obtained  between  the  locomotive  frame  and 
the  ground. 

Fires  Caused  by  Electricity 

The  danger  from  fires  caused  by  electricity  arises  principally 
from  defective  installation  and  careless  up-keep,  or  from  injuries 
to  equipment  resulting  from  falls  of  roof  or  similar  causes.  A 
short  circuit  or  ground  that  does  not  blow  the  circuit  breaker 
or  the  fuses  may  produce  heat  enough  to  start  a  fire  by  leaking 
across  coal  or  timbering.  The  blowing  of  an  open  fuse  may  be 
accompanied  by  sufficient  heat  to  ignite  combustible  material 
that  is  close  to  the  fuse.  The  presence  of  inflammable  material 
around  electric  motors  or  starting  rheostats  may  prove  to  be  a 
source  of  trouble.  Incandescent  lamps  produce  heat  enough  to 
ignite  combustible  material  if  the  dissipation  of  heat  from  the 
bulbs  of  such  lamps  is  allowed  to  become  restricted. 

Explosions  Caused  by  Electricity 

Explosions  may  be  caused  by  the  ingition  of  explosives, 
mine  gas  or  coal  dust.  Accidents  due  to  the  ignition  of  explosives 
by  electricity  may  be  divided  into  two  classes — those  that  occur 
while  handling  and  transporting  explosives  near  electric  circuits 
and  those  that  are  incident  to  the  detonation  of  explosives  by 
electrical  means. 

As  to  accidents  of  the  first  class  (with  a  single  exception  men- 
tioned hereafter)  electricity  is  no  more  of  a  menace  than  any 
other  source  of  flame  or  heat,  but  it  is  just  as  great  a  menace 
and  should  be  treated  accordingly.  As  much  care  should  be  used 
in  handling  explosives  in  the  vicinity  of  electrical  apparatus  as 
though  the  flashes  and  sparks  that  it  is  capable  of  giving  were 
constantly  in  evidence. 

Any  source  of  heat  may  attack  an  explosive  from  the  out- 
side, but  electricity  may,  under  certain  conditions,  do  more  than 
that.  An  explosive  that  is  a  conductor  of  electricity  may  come 
in  contact  with  an  electric  circuit  in  such  a  way  that  current 
may  be  passed  through  the  explosive  itself,  and  although  no 
spark  may  occur  outside  the  package  containing  the  explosive 
ignition  may  take  place  on  the  inside.  The  possibility  of  such 
an  occurrence  may  seem  to  be  extremely  remote,  but  accidents 
have  been  reported  for  which  no  other  cause  could  be  assigned, 
and  in  which  the  existence  of  the  above  conditions  was  quite 
probable. 
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Since  the  drawbars  of  mine  cars  are  electrically  connected 
throughout  the  length  of  the  trip  it  follows  that  whenever  the 
locomotive  loses  its  ground  all  the  drawbars  are  raised  to  the 
potential  of  the  trolley  wire,  unless  some  of  the  drawbars  are  in 
contact  with  the  car  axles  or  some  of  their  connectiohs.  If  the 
drawbars  of  a  car  loaded  with  metallic  packages  of  explosives 
were  raised  to  the  trolley  wire  potential  it  can  be  easily  imagined 
that  the  bolts  of  the  car  axles  could  become  connected  to  the 
drawbar  in  such  a  way  that  the  current  would  flow  through  the 
packages  and  possibly  through  the  explosive  itself. 

The  accidents  that  occiu*  in  connection  with  electrical  shot 
firing  are  largely  due  to  the  accidental  discharge  of  detonators  in 
the  vicinity  of  explosives,  or  to  the  premature  ignition  of  shots 
after  the  holes  are  charged. 

With  regard  to  the  accidental  discharge  of  detonators  in 
the  vicinity  of  explosives ;  it  is  a  cardinal  principle  of  safety  that 
detonators  should  be  kept  separate  from  explosives,  and  that 
batteries  and  other  sources  of  electric  energy  should  be  kept 
separate  from  detonators. 

With  regard  to  the  premature  ignition  of  shots;  it  is  not 
the  best  practise  to  shoot  electrically  under  conditions  that  re- 
quire one  side  of  the  detonating  circuit  to  be  connected  to  the 
earth,  because  wherever  grounded  systems  of  distribution  are 
used,  unexpected  differences  of  potential  exist  in  the  earth  in  the 
vicinity  of  such  circuits.  If,  therefore,  one  side  of  the  detonator 
be  purposely  grounded,  an  accidental  groimd  on  the  other  side 
of  the  detonator  may  connect  it  across  a  potential  sufficient  to 
cause  ignition.  Premature  ignitions  have  been  reported  which 
seemingly  have  been  caused  by  the  conditions  just  described. 

Electric  sparks  will  ignite  mine  gas  and  air  mixtures  that 
contain  between  5.5  and  12.5  per  cent  of  gas  (methane).  Be- 
tween these  limits  (which  are  rather  widely  separated)  a  com- 
paratively small  spark  is  sufficient  to  ignite  the  gaseous  mixture. 
For  all  practical  purposes  it  is  safest  to  assume  that  all  sparks 
that  occur  around  such  electrical  apparatus  and  circuits,  as  are 
used  for  power  and  lighting  in  a  mine,  are  capable  of  igniting  gas. 

The  study  of  the  ignition  of  coal  dust  by  electric  arcs  and 
electric  fiashes  has  been  undertaken  and  carried  on  to  some  ex- 
tent by  European  investigators.  The  results  of  their  experiments 
indicate  that  electric  flashes  can  ignite  coal  dust  suspended  in 
the  atmosphere.  The  Biu-eau  of  Mines  is  now  at  work  upon  a 
similar  investigation,  which  has  not,  however,  progressed  far 
enough  to  permit  of  the  publication  of  results. 
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Conditions  Surrounding  Electrical  Installations 

IN  MiNBS 

Undergpround  electrical  installations  are  surrounded  by 
many  more  trouble-causing  factors  than  are  met  with  above 
groimd.  Pidls  of  roof  sufficient  to  wreck  trolley  lines  and  feedec 
systems  are  of  frequent  occurrence.  Dampness,  dust  and  add 
water  in  sufficient  quantities  to  be  detrimental  to  insulation  are 
not  uncommon.  Some  or  all  of  these  conditions  must  usually 
be  considered  in  selecting  mine  electrical  equipment.  Apparatus 
that  might  operate  satisfactorily  in  the  absence  of  these  elements 
will  fail  when  they  are  present.  The  space  available  for  install- 
ing and  operating  imderground  electrical  equipment  is  usually 
limited,  thus  increasing  the  chances  for  accidental  contact  with 
the  live  parts  of  the  electrical  system.  Another  factor  that  will 
appeal  especially  to  those  not  accustomed  to  underground  work 
is  the  lack  of  light.  Not  only  has  this  condition  a  direct  bearing 
upon  the  accidental  contact  with  the  electrical  apparatus,  but 
it  also  has  an  undesirable  indirect  influence,  because  of  the  diffi- 
culties that  it  places  in  the  way  of  property  installing  and  in- 
specting equipment. 

As  compared  with  electrical  installations  above  grotmd, 
those  undergrotmd  are  temporary  in  character.  Circuits  and 
machines  are  put  in  place  with  the  certain  knowledge  that  sooner 
or  later  they  must  be  removed  and  installed  elsewhere.  There 
is  also  a  good  deal  of  portable  apparatus  used,  such  as  portable 
pumps,  coal-cutting  machines  and  drills.  It  is,  therefore  clear 
that  the  economical  investment  in  installation  is  limited  to  a  far 
greater  extent  than  it  would  be  upon  the  surface  where  equipment 
is  usually  permanently  installed.  This  condition  increases  the 
natural  difficulties  of  maintaining  underground  electrical  equip- 
ment in  a  condition  that  is  absolutely  safe,  but  it  has  often  occur- 
red to  the  writer  that  one  of  the  factors  that  has  been  most  in- 
fluential in  delaying  improvement  in  underground  electrical 
conditions  is  the  fact  that  the  electrical  dangers  contribute  only 
a  small  percentage  to  the  annual  death  rate  in  mines.  As  an 
illustration ;  statistics  show  that  less  than  3  per  cent  of  the  men 
killed  in  and  about  the  coal  mines  of  the  United  States  during  the 
first  eight  months  of  the  year  1912  met  their  death  as  the  result 
of  electrical  causes.  It  is  not  that  the  number  of  men  annually 
killed  in  mines  by  electricity  is  not  imdesirably  great,  but  that 
the  number  of  men  killed  underground  by  other  catises  is  so 
much  greater  that  it  quite  overshadows  the  electrical  death 
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roll.  If  the  thirty-seven  men  who  were  killed  by  electricity  in 
and  about  the  coal  mines  of  the  United  States  during  the  first 
eight  months  of  1912  had  been  the  only  ones  killed  in  connection 
with  the  mining  industry,  effective  measures  to  improve  the 
electrical  conditions  underground  would  no  doubt  have  been 
taken  immediately. 

Prevention  of  Accidents  Caused  by  Electricity 

The  problem  of  safeguarding  electric  mine  equipment  is 
not  a  simple  one,  and  at  first  glance  involves  so  many  considera- 
tions as  to  appear  hopelessly  confusing.  A  logical  first  step  in 
improvement  of  imderground  conditions  would  be  to  remove  or 
to  cotmteract  as  many  unfavorable  conditions  as  may  be  thus  dis- 
'posed  of.  As  previously  stated,  scanty  light,  limited  space,  and 
the  presence  of  dust  and  dampness  are  imderground  conditions 
that  are  favorable  to  the  occurrence  of  electrical  accidents.  The 
influence  of  the  first  of  these  may  be  eliminated  by  providing  lights 
at  particularly  dangerous  places,  such  as  partings  and  cross-overs. 
If  electric  wires  are  a  source  of  danger  at  such  places  they  can  also 
be  made  a  source  of  light  to  reduce  that  danger.  Although  it 
may  be  impracticable  to  eliminate  entirely  the  effect  of  limited 
space,  this  condition  may  be  counteracted  by  the  erection  of 
guards  about  apparatus.  Dust  and  dampness  are  elements  that 
can  hardly  be  separated  from  the  operation  of  a  mine;  in  fact 
the  presence  of  dampness  is  often  desirable  to  offset  the  effect 
of  dust.  It  is  possible,  however,  to  provide  apparatus  so  de- 
signed and  installed  as  to  resist  the  action  of  dust  and  dampness 
and  the  more  generous  the  factor  of  safety  included  in  such  design 
and  installation  the  greater  will  be  its  resistance  to  undesirable 
influences. 

The  problem  of  safeguarding  may  be  divested  of  some  of 
its  vagueness  and  put  in  concrete  form  by  considering  that  if 
the  electric  current  can  be  kept  where  it  belongs — ^in  the  con- 
ductors designed  to  carry  it — it  can  not  give  shocks,  set  fires, 
or  ignite  gas,  dust  or  explosives.  Electricity  becomes  actively 
dangerous  only  when  it  breaks  away  from  its  proper  channels 
in  stray  currents  or  as  sparks  and  arcs.  So  far  as  stray  currents 
are  concerned,  the  confinement  of  electricity  in  its  proper  place 
is  primarily  a  question  of  insulation,  a  term  that  includes  the 
covering  of  conductors,  the  insulators  upon  which  they  are  sup- 
ported, and  the  insulating  material  used  in  motors  and  accessory 
equipment. 
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It  is  sometimes  argued  that  the  insulating  coverings  of 
conductors  deteriorate  so  rapidly  that  they  provide  an  added 
element  of  danger,  because  they  give  a  false  impression  of  safety. 
This  argument  can  not  be  regarded  as  universally  applicable  be- 
cause its  truth  depends  upon  the  kind  of  insidation  used  and  the 
conditions  of  service.  If  bare  conductors  are  used,  they  should 
be  well  installed  and  to  some  extent  at  least  guarded,  in  order 
to  confine  the  current.  With  the  possible  exception  of  high 
voltage  cables,  all  conductors,  bare  or  insulated,  should  be  sup- 
ported upon  insulators  that  are  mechanically  strong  as  well  as 
electrically  efficient.  If  bare  conductors  are  used,  confinement 
of  the  current  depends  entirely  upon  the  insulators.  Moreover, 
dampness  and  dust  can  come  into  direct  contact  with  the  wire,  a 
condition  not  consistent  with  the  highest  factor  of  safety. 

In  order  to  insure  a  high  factor  of  safety  in  the  insulation 
of  motors  and  other  electrical  machines,  they  must  be  carefully 
selected  with  a  view  to  the  service  that  they  are  to  perform. 
They  must  then  be  protected  from  moisture  and  dust,  unless 
such  protection  is  inherent  in  their  design.  Care  in  this  respect 
will  be  rewarded  not  only  by  increased  safety,  but  also  by  de- 
creased cost  of  up-keep. 

It  must  be  admitted  that  the  electric  current  can  not  be 
kept  where  it  belongs  in  the  sense  of  eliminating  entirely  such 
sparks  and  arcs  as  occiu*  at  fuses,  circuit  breakers,  air-break 
switches,  starting  rheostats,  and  the  commutators  of  direct- 
current  machines.  In  this  connection  the  factor  of  safty  must 
be  applied  by  arranging  to  confine  the  outbursts  of  current  to  a 
limited  area  unoccupied  by  anything  that  may  be  affected  by 
heat  or  fire. 

Assuming  that  in  the  installation  and  insulation  of  electri- 
cal equipment  care  has  been  exercised  to  insure  the  proper  con- 
finement of  the  current,  the  factor  of  safety  may  be  increased 
by  grounding  the  dead  metallic  parts  of  apparatus,  by  pro\'iding 
means  for  insulating  the  bodies  of  those  who  work  upon  such 
apparatus,  and  by  barring  from  the  vicinity  of  the  current  such 
elements  as  are  explosive  or  combustible. 

It  is  as  important  to  maintain  a  high  factor  of  safety  as  to 
obtain  it  in  the  first  place  and  such  maintenance  calls  tor  care- 
ful and  frequent  inspection  by  the  mine  electrician,  whose  re- 
sponsibility can  scarcely  be  overrated.  The  supervision  of  the 
electrical  equipment  of  a  mine  is  a  task  that  requires  unusual 
ability,  sound  judgment,  and  experience  of  a  peculiar  sort.     To 
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select  suitable  apparatus,  to  install  it  properly,  and  to  maintain 
it  free  from  interruption  of  service  at  a  minimum  cost  demands 
ability.  The  requirements  of  safety  add  a  ftuther  load  of  re- 
sponsibility. It  seems  to  the  writer  that  the  electrician  holds 
the  key  to  the  problem  of  safeguarding  the  use  of  electricity 
in  mining  work.  The  electrician  is  the  man  that  deals  with 
the  problem  at  the  closest  range  and  in  the  position  of  greatest 
advantage  to  observe  dangers,  to  correct  improper  conditions, 
and  to  maintain  a  suitable  factor  of  safety.  The  power  to  truly 
and  eflfectively  safeguard  the  use  of  electricity  in  mines  rests 
more  with  him  than  with  any  other  one  man. 

By  the  way  of  summary  there  are  offered  the  following 
suggestions  for  reducing  the  number  of  accidents  due  to  the  use 
of  electricity  in  mines: 

1.  Remove  contributory  causes. 

2.  Remove  from  the  vicinity  of  electrical  apparatus  all 
elements  susceptible  to  its  influence  (gas,  dust,  explosives, 
combustible  material,  etc.). 

3.  Keep  the  electric  ciurent  where  it  belongs. 

4.  If,  under  certain  circumstances,  the  current  cannot  be 
entirely  confined,  at  least  limit  the  area  of  its  activity  by 
using  protective  devices. 

5.  Insure  a  high  factor  of  safety  by  (a)  selecting  material 
and  apparatus  with  care,  (b)  installing  equipment  in  a  strictly 
first  class  manner,  (c)  inspecting  equipment  frequently  and 
thoroughly,  (d)  maintaining  it  in  good  condition  at  all  times. 

Electrical  Equipment  that  Promotes  Safety 

In  the  foregoing,  electricity  has  been  discussed  as  a  menace 
to  life  and  property.  There  are,  however,  some  ways  in  which 
it  seems  possible  for  electricity  to  decrease  the  risks  now  attend- 
ant upon  mining  work.  There  is  one  piece  of  electrical  equip- 
ment that  may  almost  be  considered  as  a  safety  device  and  there 
are  three  others  that  by  substitution  for  more  dangerous  equip- 
ment and  methods  promote  the  safety  of  underground  workers. 

First  may  be  mentioned  the  telephone,  which  is  of  use  in 
spreading  the  news  of  trouble,  in  calling  aid  to  the  injured,  and 
in  assisting  in  mine  rescue  work  after  disasters.  Next  may  be 
mentioned  portable  el.ectric  lamps  for  use  of  miners.  The  de- 
velopment of  such  lamps  is  just  beginning  in  the  United  States. 
At  the  date  of  this  writing  no  device  has  been  fully  developed 
and  standardized  for  insuring  absolute  freedom  from  gas  ignition 
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by  lamps  of  this  sort.  There  can  be  no  doubt,  however,  that 
in  the  near  future  some  such  device  will  be  developed  and  then 
the  electric  lamp  becomes  safer  than  the  locked  safety  lamp, 
although  it  has  not  the  latter's  ability  to  detect  the  presence  of 
explosive  gas.  The  statement  that  the  electric  lamp  may  be 
made  safer  than  the  safety  lamp  is  based  upon  the  fact  that  the 
parts  of  a  safety  lamp  may  be  improperly  arranged  and  ignition  of 
gas  occur  as  the  result.  The  records  show  that  this  has  hap- 
pened on  more  than  one  occasion. 

The  greatest  benefits  to  be  derived  from  the  electric  lamp 
as  a  safety  device  will  be  had  in  those  mines  where  the  electric 
lamp  supplants  the  open  flame  lamp  and  thereby  eliminates  a 
real  fire  hazard. 

Next  may  be  mentioned  the  firing  of  shots  by  electrical 
means.  There  can  be  no  doubt  that  the  firing  of  shots  by 
properly  designed  and  operated  electrical  shot  firing  devices  and 
equipment,  is  safer  than  firing  shots  by  fuses  or  other  devices 
that  ignite  explosives  by  means  of  sparks  or  flames. 

Finally,  it  may  be  suggested  that  electricity  may  partially 
do  away  with  its  own  greatest  danger  by  substituting  storage 
battery  locomotives  for  gathering  locomotives  operated  from 
trolley  wires.  Although  main  line  haulage  by  storage  battery 
locomotives  can  hardly  be  advocated  at  present,  the  gathering 
of  coal  by  storage  battery  locomotives  seems,  in  many  instances, 
to  be  a  feasible  proposition.  The  use  of  storage  battery  loco- 
motives would  entirely  do  away  with  the  trolley  wire  from  a 
large  part  of  the  mine  entries  that  are  now  provided  ^s-ith  this 
dangerous  equipment.  In  addition  to  the  greater  degree  of 
safety  assured,  storage  battery  locomotives  would  be  more  flex- 
ible to  operate  than  are  cable  reel  locomotives.  The  load  fac- 
tor on  the  generating  station  would  be  materially  improved, 
satisfactory  voltage  regulation  of  the  distributing  system  could 
be  obtained  wdth  less  copper,  and  the  expense  of  installing  and 
maintaining  trolley  wire  and  rail  bonding  woidd  be  eliminated 
in  the  entries  worked  by  storage  battery  locomotives. 
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Discussion  on  "  Safeguarding  the  Use  of  Electricity  in 
Mines  "  (Clark),  Pittsburg,  Pa.,  April  18,  1913. 

C.  A«  Lauffer:  Dtiring  the  past  four  years  I  have  been  an 
advocate  of  the  Schafer  prone  pressure  method.  This  method 
bids  fair  to  become  the  imiversal  method  employed  for  resusci- 
tation. During  this  time  it  has  been  my  privilege  to  instruct 
over  two  thousand  men  in  giving  artificial  respiration,  and  I 
have  done  considerable  writing  and  speaking  on  the  subject 
of  artificial  respiration. 

But  in  coming  before  you  today,  I  came  expecting  to  hear 
what  somebody  else  was  going  to  say.  It  did  not  occur  to  me 
that  your  chairman  would  call  upon  me.  I  presume  that  every 
gentieman  here  has  read  the  report  of  the  National  Electric 
Light  Association  on  the  subject  of  resuscitation.  The  Com- 
mittee appointed  by  that  Association,  which  was  composed 
jointiy  of  prominent  engineers,  and  eminent  physicians  agreed 
unanimously  that  the  Schafer  method  is  the  most  promising 
method  to  employ  in  efforts  at  resuscitation.  When  the  manu- 
facturers of  mechanical  devices  produce  something  that  every 
electrical  workman  can  carry  round  in  his  vest  pocket,  then  we 
will  agree  that  the  manual  method  can  be  supplanted  by  the 
mechanical  method,  but  so  long  as  mechanical  devices  are  so 
large  and  so  diflBicult  to  have  when  they  are  most  needed,  if  we 
neglect  instruction  by  manual  methods,  the  present  loss  of  life 
will  continue  to  be  disastrous. 

As  to  the  mechanics  of  artificial  respiration  by  the  prone 
pressure  method,  we  know  that  in  breathing,  the  main  muscle 
which  is  used  is  the  diaphragm.  The  diaphragm  is  arched,  and 
above  the  diaphragm  lie  the  limgs  and  the  heart.  Below  the  dia- 
phragm, tmder  these  ribs,  up  to  the  fifth  rib  lies  the  stomach. 
On  the  other  side  lies  the  liver.  Below  these  organs,  behind,  lie 
the  two  kidneys.  Behind  the  stomach  on  the  left  side  lies  the 
spleen. 

Now,  when  we  give  artificial  respiration  by  the  prone  pressure 
method,  we  lay  a  man  on  his  stomach  and  tiun  his  head  to  the 
side.  In  turning  his  head  to  the  side  we  prevent  the  mouth 
making  contact  with  dirt  or  water.  We  tiun  his  head  to  the  side, 
and  that  permits  any  fluid  in  the  mouth  or  air  passages  to  run 
out.  When  we  lay  him  on  his  stomach  and  tiun  his  head  to  the 
side  his  tongue  falls  forward.  There  is  no  necessity  of  any  device 
to  pull  the  tongue  forward,  because  gravity  causes  the  tongue  to 
fall  forward.  With  the  patient  in  that  position,  lying  prone, 
with  his  arms  spread  out,  or  above  his  head,  we  proceed  to  make 
pressure  on  the  lowest  ribs.  The  pressure  is  made  on  the  eleventh 
and  twelfth  ribs  with  the  heel  of  the  operator's  hands,  and  the  pres- 
sure is  made  far  out  towards  the  ends  of  the  ribs.  When  pressure 
is  made  that  way  for  three  seconds,  it  is  possible  to  empty  the 
lungs,  it  is  possible  to  drive  out  more  air  than  is  ordinarily  diiven 
out  in  our  natural  breathing,  so  that  by  making  the  pressure 
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twelve  times  a  minute,  and  completel; 
after  each  pressure,  we  see  at  once  that 
more  cubic  inches  of  air  than  he  gets  in 
and  we  are  bringing  back  into  play  the  c 
cing  these  movable  organs  of  the  abdon: 
phragm  in  a  manner  that  not  only  rest 
lungs  but  also  assists  in  maintaining  t) 
We  cannot  give  massage  of  the  heart,  sm 
during  abdominal  operations,  manually,  1 
of  the  heart  by  throwing  these  movable 
diaphragm  twelve  times  each  minute.  T 
instances  where  victims  of  electric  shi 
physicians,  were  brought  to  by  friends  o 
It  very  often  happens  that  linemen  and 
better  muscles  than  doctors,  and  more  cc 
more  success;  because,  with  the  people 
the  tenacity  of  purpose,  this  prone  pre 
admirably  in  quite  a  number  of  cases. 

J.  S.  JTenks:  I  will  ask  the  doctor  a 
benefit  of  some  of  us  here  concerning  the 
be  advisable  to  keep  up  such  action,  and 
use  of  stimulants,  and  methods  of  ad 
methods  of  aiding  and  assisting  the  he: 
hypodermics  or  some  such  thing  as  gasf 
the  reestablishing  of  breathing  by  slight 

I  have  given  this  matter  considerable  t 
to  instruct  and  train  our  men  in  the  mam 
be  able  to  take  care  of  their  comrades  ii 
have  supplied  them  with  small  cases  a 
atropin,  nitro- glycerin,  strychnin,  etc., 
where  they  could  procure  such  gases  i 
and  advantageous  in  producing  results 

Now,  the  thing  that  has  impressed  i 
number  of  cases  of  accidental  shock— is  t 
getsexcited,  that  they  go  to  work  with  a 
speed,  and  do  not  take  the  time  that  is 
emphasize  that  point  of  the  time  elemer 
our  boys  and  instruct  them  to  count  tl 
operation,  and  if  they  do  not  do  that,  t 
and  do  not  see  results,  and  tire  themselvi 
up,  and  I  believe  many  a  good  man  Ait 
man's  over-exertion  in  the  early  part  of 
tation. 

I  would  like  Dr.  Lauffer  to  elaborate  oi 
continue  to  work,  I  have  kno^Ti  of  sei 
was  complete  resuscitation  after  periods  c 
hours  of  continuous  and  unceasing  effoi 
and  physicians  and  attendants.  I  hav 
where  we  had  very  extreme  cases  of  bumi 
and  the  victim  was  brought  around  in  a 
minutes  through  the  aid  of  some  stimuli 
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C.  A.  Lauffer:  The  best  gas  to  inhale  is  aromatic  spirits  of 
ammonia.  That  is  readily  available.  If  you  do  not  have  aro- 
matic spirits  of  ammonia,  use  any  kind  of  ammonia.  If  you  use 
aromatic  spirits  of  ammonia,  thef  handkerchief  can  be  saturated 
and  held  about  three  inches  from  the  nose.  If  you  use  household 
ammonia,  and  it  is  full  strength,  try  it  on  your  own  nose  first — 
dilute  it  with  water,  or  hold  it  farther  away — and  do  not  take  an 
unfair  advantage  of  an  unconscious  man.  Then  as  to  oxygen,  I 
think  aromatic  spirits  of  ammonia  is  superior,  provided  you  are 
in  the  fresh  air.  In  the  case  of  mine  gases  and  various  chemical 
combinations,  it  seems  to  mc  that  oxygen,  under  certain  circum- 
stances, is  superior  to  fresh  air  and  ammonia. 

No  liquid  should  be  poured  into  the  mouth  of  an  unconscious 
man. 

Now,  as  to  hypodermic  medication,  we  never  instruct  the  men 
to  give  that  themselves.  There  is  usually  a  doctor  available, 
and  the  hypodermic  drugs  have  to  be  administered  with  much 
care.  The  best  drug  is  atropin,  the  second  best  drug  is  strychnin, 
and  when  you  are  not  getting  results,  you  give  both;  both  right 
away,  and  as  soon  afterwards  as  you  can,  it  is  a  good  plan  to 
give  digitalin,  cactin  and  camphor  in  oil,  and  then  other  hypo- 
dermic stimulants,  such  as  the  physician  may  have  with  him. 

As  to  the  amount  of  stimulation  which  you  can  give,  that  is  a 
question  which  ought  to  be  left  with  the  physician.  To  a  certain 
extent  you  can  whip  a  mule  and  make  it  go,  but  after  a  while 
the  mule  will  drop  dead,  and  it  is  the  same  way  in  the  matter  of 
stimulating  the  heart.  To  a  certain  extent  you  want  to  stimulate 
but  beyond  that  too  many  doses  of  strychnin  are  going  to  prove 
fatal. 

I  took  no  notes  of  your  questions,  and  consequently  I  may  miss 
some  of  them.  There  was  a  question  asked  as  to  the  duration  of 
the  treatment.  I  have  known  results  to  be  delayed  for  two  or 
three  hours,  and  in  some  cases  I  have  seen  results  come  within 
less  than  twenty  minutes.  I  know  of  one  case  in  particular 
where  everybody  thought  that  the  man  was  dead.  He  was  a 
man  about  fifty-seven  years  of  age;  he  had  fallen  nine  feet, 
lighting  on  the  concrete  floor,  with  his  whole  weight,  on  the  back 
of  his  head,  and  he  was  a  heavy  man.  He  had  a  marked  case  of 
concussion,  and  was  unconscious;  he  had  no  respiration  or  pulse, 
and  with  the  stethoscope  you  could  not  hear  his  heart.  His 
comrades  knew  about  artificial  respiration  and  kept  busy,  and 
my  assistant  reached  the  man  and  worked  over  him,  giving  him 
artificial  respiration;  and  then  he  started  to  breathe  and  soon 
stopped  again,  and  as  soon  as  he  would  stop  they  would  start 
again,  and  by  keeping  him  on  his  stomach  and  giving  artificial 
respiration  by  this  method,  in  about  one  hour's  time  he  came  to 
sufficiently  to  vomit,  and  from  that  time  was  able  to  breathe 
normally.  Under  ordinary  circumstances  a  man  who  sustains 
a  fall  on  his  head,  or  a  man  who  gets  a  blow  in  his  solar  plexus, 
is  going  to  die,  because  there  is  no  one  arotmd  who  knows  how 
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to  give  artificial  lespiratioa;  the  genexai  public  most  take  op 
the  subject  of  artificial  respiration  and  learn  how  to  give  it,  for 
you  cannot  expect  doctors  endeavoring  to  reac^  the  soeoe, 
always  to  arrive  in  time.  These  people  mnst  be  assisted.  If  a 
man  has  not  breathed  in  two  nmmtes,  he  is  in  as  great  danger  as 
a  man  who  has  been  withont  food  for  forty  days. 

Ralph  D.  Merahon:  I  noted  the  pressure  you  exerted  was 
long-continued  and  slow,  and  I  judge  that  is  an  important 
feature  of  the  treatment. 

C.  A«  Lanflfer:  That  is  the  best  way,  begin  the  pressure 
gradually,  and  continue  it  until  you  feel  tbe  ribs  give  way  under 
your  hand.  Some  people  are  much  firmer  in  their  ribs  and  in 
their  costal  cartilages  than  others;  and  occasionally  you  run 
across  a  conscious  man  in  these  exercises  who  will  exert  all  the 
force  he  has  to  prevent  your  giving  him  the  artificial  respiration, 
but  when  the  patient  allows  himself  to  be  perfectly  passive,  you 
will  find  that  a  few  pounds  of  pressure  will  be  am|^.  You  can 
apply  the  pressure  gently,  gradually  increasing,  and  when  you 
have  reached  the  Imut  of  compression,  then  suddenly  remove 
your  hands.  As  you  remove  your  hands,  those  organs  which  you 
have  displaced  upward  by  the  pressure  will  drop  down  again; 
the  diaphragm  will  descend  and  die  air  will  rush  in.  As  you  make 
the  pressure  you  raise  the  diaphragm  and  compress  the  lungs  and 
drive  out  the  air.  As  soon  as  you  remove  yoiu'  hands,  these 
organs  fall  back  into  their  former  places. 

The  question  has  been  asked  if  there  is  any  danger  of  breaking 
the  ribs.  I  think  not.  I  have  never  heard  of  it  happening.  I 
suppose  if  you  put  enough  weight  on  you  can  do  it,  but  the 
blows  which  break  ribs  are  sudden  blows.  A  man  does  not  break 
ribs  from  lifting,  and  he  does  not  have  his  ribs  broken  from  such  a 
gradual,  firm  pressure  on  his  ribs.  The  only  person  who  can 
experience  any  damage  by  the  prone  pressure  method  of  treat- 
ment is  somebody  with  cancer  of  the  stomach  or  liver,  or  a  far- 
advanced  case  of  tuberculosis,  but  the  people  who  are  a  Hving 
pathological  museimi  are  not  the  men  who  are  engaged  in  the 
active  pursuits  of  life. 

George  R.  Wood:  I  would  emphasize  that  for  the  piupose 
of  the  mining  men,  we  can  almost  disregard  the  matter  of  hypo- 
dermics and  the  other  administration  of  medicine.  What  the 
mining  man  should  do  is  to  send  for  a  doctor  and  then  start 
artificial  respiration,  and  let  the  company  doctor  do  the  other 
things. 

Graham  Bright:  Mr.  Clark  brings  up  the  question  of  sand 
on  the  track  insulating  the  locomotive  and  causing  current  to 
go  back  through  the  cars  and  create  trouble.  This  is  a  point 
which  has  caused  a  great  deal  of  contention  between  the  manu- 
facturers and  the  operators  in  that  the  operator  sometimes  wants 
a  locomotive  that  is  too  light.  The  result  of  a  light  locomotive 
is  that  he  has  to  pile  sand  on  the  track  to  get  the  cars  up  the 
grade,  causing  a  great  deal  of  dusty  grit  to  work  its  way  into  the 


19131  DISCUSSION  AT  PITTSBURGH  1067 

bearings.  It  would  be  very  much  to  the  advantage  of  the  opera- 
tor if  he  would  either  obtain  a  locomotive  large  enough,  or  cut 
the  trips  down,  so  that  he  does  not  need  the  abundant  use  of 
sand.  Aside  from  this  damage,  and  the  damage  or  trouble  men- 
tioned by  Mr.  Clark,  another  trouble  exists,  in  that  you  provide 
a  sand  path  for  the  cars  to  run  on,  which,  of  course,  increases  the 
rolling  friction  of  the  locomotive  and  cars,  and  you  also  cut  down 
the  available  voltage  for  the  locomotive  by  increasing  the  elec- 
trical resistance  between  the  wheels  and  track.  As  brought  out 
in  Mr.  Eddy's  paper,  low  voltage  is  the  cause  of  a  great  many  of  • 
the  troubles  that  take  place  in  mine  locomotives  and  is  the  cause 
of  much  of  the  high  upkeep,  owing  to  the  windings  of  the  motors 
burning  out. 

Another  point  Mr.  Clark  has  brought  out  is  the  question  of 
storage  battery  locomotives  for  mine  service.  Any  one  who  has 
had  very  piuch  to  do  with  storage  batteries  knows  that  they 
require  rather  expert  attendance,  and  we  can  well  imagine  what 
will  happen  to  the  average  storage  battery  that  does  not  receive 
any  more  attention  than  the  average  mine  locomotive  gets.  In 
the  first  place,  many  of  you  who  have  been  in  mines  have  no 
doubt  noticed  that  a  considerable  number  of  the  locomotives 
will  have  their  side  or  end  frames  cracked  or  broken,  showing 
that  in  mines  as  well  as  railways  on  the  surface,  we  have  not  yet 
solved  the  problem  of  two  locomotives  nmning  in  opposite  direc- 
tions on  the  same  track.  You  can  imagine  what  would  happen 
to  the  ordinary  storage  battery  in  one  of  these  collisions,  so  that 
if  we  are  going  to  go  to  storage  batteries,  we  must  select  one 
which  is  mechanically  strong  and  will  stand  these  collisions 
which  are  liable  to  occur  in  the  best  regulated  mine. 

Another  point  about  these  storage  battery  locomotives  is 
that  there  is  a  tendency  among  some  of  the  smaller  manufacturers 
to  build  a  locomotive  which  they  can  offer  for  a  very  low  price. 
The  locomotive  must  necessarily  be  of  light  construction,  which 
makes  it  totally  inadequate  to  meet  the  severe  conditions  about 
a  mine.  If  we  are  going  to  build  a  storage  battery  locomotive 
it  must  be  amply  strong  to  stand  the  rough  usage  incident  to 
the  mine  service,  and  a  locomotive  to  withstand  that  service 
cannot  be  obtained  in  the  case  of  many  of  the  storage  battery 
locomotives  in  industrial  service  at  present.  Industrial  service 
is  generally  outside  in  the  open,  or  in  well-lighted  buildings,  and 
the  chance  of  collision  is  very  small.  They  can  get  a  better 
class  of  operators,  because  industrial  plants  are,  as  a  rule,  located 
in  large  industrial  centers  where  the  living  is  much  better  and 
it  isa  comparatively  easy  matter  to  get  a  good  class  of  men  to 
take  care  of  these  locomotives,  so  while  the  storage  battery 
locomotive  sounds  like  a  good  way  out  of  some  of  our  difficulties, 
in  the  way  of  protection  from  electrical  trouble,  there  are  a  good 
many  details  to  be  worked  out,  before  it  can  be  made  a  succeisftd 
gathering  locomotive. 

W.  B*  Dickinson:  There  is  one  subject  that  Mr.  Clark  treated 
in  his  paper  that  is  of  special  interest  to  me,  viz.,  the  accidenta 
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discharge  of  shots  after  the  charge  has  been  made.  As  most  of 
you  know,  this  matter  was  investigated  to  a  certain  extent  in 
Kentucky,  and  it  was  thought  to  have  been  demonstrated  that 
stray  ciurents  have  fired  shots  when  copper  needles  were  used. 
I  believe  that  it  was  stated  that  within  a  mine  investigated, 
considerable  electrical  potential  existed  between  certain  points, 
stifficient,  it  was  decided,  to  produce  in  the  explosive  a  current 
sufficient  to  ignite  the  shot. 

I  do  not  understand  how  such  a  conclusion  could  have  been 
drawn.  It  is  an  easy  matter  to  find  with  a  sensitive  voltmeter  a 
potential  difference  between  two  points  in  a  mine.  But  it  is 
diffictdt  to  get  an  appreciable  current  to  flow  through  even  an 
ammeter  connected  to  these  two  points,  owing  to  the  internal 
resistance  of  the  circuit  through  which  th'e  current  must  flow. 
Moreover,  the  explosives  used  in  shot  firing  are  of  very  high 
electrical  resistance.  Admitting  that  the  ciurent  may  travel 
through  the  copper  needle,  it  must  then  find  its  way  through  the 
explosive  and  be  large  enough  to  generate  therein  sufficient  heat 
to  fire  the  shot.  It  is  quite  doubtful  that  even  straty  currents 
leaking  from  trolley  to  track  would  select  the  high  resistance 
path  of  the  explosive  material.  But  it  is  very  probable  that  leak- 
age currents  will  enter  poorly  insulated  detonator  leads  under 
favorable  conditions  and  thus  prematurely  discharge  a  shot. 

Mr.  Clark  said,  however,  that  if  currents  are  held  within  their 
proper  channels  by  proper  insulation,  it  is  not  possible  for  them 
to  ignite  shots.  I  can  not  entirely  agree  with  lum  on  this  point. 
I  believe  that  many  accidents  in  mines  are  due  to  induced  cur- 
rents in  short  circuits,  regardless  of  the  nature  of  the  insulation 
of  the  power  lines. 

Some  time  ago  my  attention  was  called  to  an  accident  which 
occmred  in  West  Virginia,  in  which  a  shot  was  fired  prematurely 
when  a  hand  generator  was  to  be  used.  The  leads  from  the 
detonator  had  been  untwisted  and  brought  out  separately  into 
an  adjacent  passage.  The  generator  was  then  placed  between 
the  rails  of  the  motor  track  and  connected  to  the  detonator  leads. 
When  all  preparations  had  been  made  as  usual,  the  operator 
attempted  to  fire,  the  shot  failed;  another  attempt  to  discharge 
the  generator  was  made  without  success.  The  man  was  about  to 
investigate  the  trouble  when  the  shot  went  off  unexpectedly. 
Fortunately,  he  was  not  seriously  injured,  and  lived  to  describe 
the  conditions. 

There  was  a  motor  operating  on  the  track,  and  you  know  that 
a  motor  in  starting  up  will  draw  an  immense  cmrent  for  a  short 
time.  This  cmrent  sets  up  a  rapidly  changing  magnetic  field 
around  the  track  and  trolley.  And  such  a  field  of  flux,  when 
favorably  cutting  a  closed  conductor  of  low  resistance,  may 
induce  in  a  circuit  a  voltage  sufficient  to  produce  a  current  large 
enough  to  fire  a  shot.  So,  it  occurred  to  me  that  a  prematiu'e 
discharge  of  a  detonator  might  be  attributed  to  induced  currents 
imder  favorable  conditions.     I  do  not  know  that  this  was  the 
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Specific  cause  in  the  case  described,  but  I  could  not  attribute  the 
accident  to  leakage  currents  occasioned  by  poor  insulation.  I 
feel  sure,  however,  that  under  certain  conditions  it  is  possible 
for  such  an  accident  to  occur.  If  a  pair  of  untwisted  wires  are 
run  from  a  detonator,  for  even  a  short  distance,  along  a  rail 
carrying  a  varying  current,  and  one  wire  is  on  one  side  of  the 
rail  and  the  other  wire  on  the  opposite  side,  or  one  wire  is  close  to 
the  rail  and  the  other  located  at  considerable  distance  therefrom, 
the  circuit  being  completed  by  the  generator,  no  insulation 
would  prevent  the  induction  of  ciurent  sufficient  to  fire  an  electric 
cap  in  the  circuit.  I  need  not  go  further  into  the  technicalities 
of  this  point.  But  I  wish  to  add  that  immimity  from  such  a 
danger  lies  in  the  use  of  leads  well  twisted  from  battery  to  detona- 
tor. And  this  is  a  precaution  to  which  we  seldom  pay  sufficient 
attention. 

Wilfred  Sykes:  I  would  like  to  draw  attention  to  one  point 
in  Mr.  Clark's  paper,  where  he  says:  **  If  the  37  men  who  were 
killed  by  electricity  in  and  about  the  coal  mines  of  the  United 
States  during  the  first  eight  months  of  1912  had  been  the  only 
ones  killed  in  connection  with  the  mining  industry,  effective 
measures  to  improve  the  electrical  conditions  underground  would 
nodoubt  have  been  taken  immediately.'*  I  want  to  diraw  attention 
to  the  increasing  attention  that  is  now  being  given  to  the  question 
of  safety.  Our  steel  mills  at  one  time  killed  great  ntunbers  of 
men.  In  the  last  few  years  the  people  nmning  the  mills  have 
come  to  the  conclusion  it  is  not  very  economical,  and  to  protect 
their  own  interests  they  have  given  the  question  of  safety  a  great 
deal  of  attention  and  spent  a  great  deal  of  money  upon  it. 

It  seems  to  me  that  the  ntunber  of  accidents  can  be  materially 
reduced  by  the  work  of  the  Bureau  of  Mines,  if  it  obtains  proper 
statistics  and  analyzes  the  causes  of  these  accidents.  The  same 
thing  is  being  done  in  other  industries,  and  in  this  connection  I 
wish  to  say — I  am  not  quite  sure  of  my  figures — that  about  four 
or  five  years  ago  the  number  of  accidents  in  steel  mills  in  this 
coimtry  per  ton  of  product  was  several  times  greater  than  they 
were  in  Europe,  particularly  in  Germany.  I  understand  at  the 
present  time,  through  the  campaign  which  has  been  carried  on, 
particularly  by  the  electrical  engineers,  who  have  assumed  the 
duties  of  ssdety  engineers,  that  the  number  of  accidents  has  been 
reduced  until  we  have  less  accidents  per  ton  of  material  produced 
than  in  Europe. 

I  think  that  the  work  of  the  Bureau  of  Mines,  in  which  Mr. 
Clark  has  taken  an  active  part,  can  materially  reduce  the  num- 
ber of  accidents,  by  the  collection  of  statistics,  and  by  having 
proper  regulations  adopted  in  the  different  states.  Perhaps,  in 
that  connection,  we  may  some  day  see  federal  regulations  con- 
trolling the  mining  industry,  and  then  we  will  have  a  much  better 
control  over  electrical  work. 

L.  R.  Palmer:  May  I  ask  Mr.  Clark  what  is  the  method  of 
testing  the  electric  safety  lamp  as  compared  with  the  standard 
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safety  lamp,  and  how  you  can  determine  their  relative  merits  in 
that  line? 

The  last  speaker  mentioned  the  work  done  by  the  electrical 
engineers  in  the  line  of  safety.  Perhaps  it  might  be  well  to  pre- 
sent to  the  Chairman  of  this  meeting  the  report  of  the  First  Co- 
operative Safety  Congress,  held  at  Milwaukee,  Wisconsin, 
September  30  to  October  6,  1912,  imder  the  auspices  of  the 
Association  of  Iron  and  Steel  Electrical  Engineers,  with  head- 
quarters at  the  Hotel  Pfister.  It  was  an  electrical  engineer  who 
first  suggested  that  this  Congress  be  held,  and  it  was  Mr.  Gano 
Dunn  who  was  our  chief  adviser  and  assisted  in  drawing  up  the 
resolutions  that  brought  into  being  the  National  Council  for 
Industrial  Safety.  Anybody  who  cares  to  see  a  copy  of  that 
report  can  get  it  by  writing  to  any  member  of  the  conunittee 
which  was  appointed  to  manage  the  affairs  of  the  Congress. 

George  R.  Wood:  Referring  to  electrical  accidents  men- 
tioned by  Mr.  Clark,  the  tendency  is  to  magnify  electrical  acci- 
dents on  accotmt  of  the  comparative  novelty  of  electrical  mining, 
and  to  lose  sight  of  the  general  improvement  in  mining  concfi- 
tions,  and  reduction  of  the  general  hazard  by  its  use. 

For  example,  in  1911,  Pennsylvania  State  Reports  show  265 
fatal  accidents  to  66,000  pick  miners,  or  4  per  1000.  There 
were  127  fatal  accidents  to  55,000  machine  nmners,  loaders  and 
scrapers,  or  1 . 3  per  1000.  Had  Pennsylvania's  total  output  been 
mined  by  hand,  total  number  of  pick  miners  would  be  136,000, 
with,  on  the  same  ratio,  544  fatal  accidents,  against  392  at  present. 

The  same  reasoning  applies  to  haulage,  where  one  locomotive, 
with  two  men,  replaces  5  to  20  mules,  each  with  a  driver. 

The  increased  output  per  man  employed,  resulting  from  the 
installation  of  electrical  machinery,  results  also  in  decreased 
liability  to  accident,  on  account  of  the  reduction  in  number  of 
men  employed. 

Almost  every  mining  district  in  the  cotmtry  today  is  short  of 
men,  and  it  would  be  impossible  to  operate  in  a  large  proportion 
of  the  bituminous  districts  without  the  use  of  electrical  machines, 
locomotives  and  pumps. 

Harold  H.  Clark:  Mr.  Bright  spoke  rather  discouragingly 
of  the  use  of  storage  battery  locomotives.  It  was  far  from  my 
intention  to  suggest  that  everybody  should  at  once  adopt  the 
storage  battery  locomotive  even  for  gathering,  but  I  think  it 
tmdoubtedly  would  be  a  step  towards  safety,  and  as  such  I 
mentioned  it.  I  will  further  say  that  I  believe  that  one  of  these 
days  a  practical  storage  battery  locomotive  will  be  developed 
for  gathering. 

Mr.  Bright 's  remarks  concerning  the  necessary  staunchness 
of  the  construction  of  such  a  locomotive  are  well  considered. 
Such  a  locomotive,  and  the  batteries  used  to  operate  it,  must  be 
very  strong,  and  very  simple  to  operate.  There  are  storage 
batteries,  I  believe,  for  which  strong  claims  are  made  along  these 
lines. 
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Mr.  Dickinson  spoke  of  the  stray  currents,  and  spoke  of  the 
possibility  of  detonators  being  discharged  by  induction  in  the 
leads  from  heavy  currents  in  the  rail.  I  do  not  consider  this  to  be 
impossible,  but  at  first  glance  it  would  seem  rather  improbable. 

In  regard  to  what  Mr.  Sykes  saysabout  collecting,  classifying, 
and  publishing  the  accidents  that  occur  imdergroimd:  That  is 
something  that  is  now  done  by  the  State  Inspection  Departments 
and  published  every  year,  usually  about  a  year  after  the  close 
of  the  annual  period  in  which  the  accidents  occurred. 

The  Bureau  of  Mines  several  months  ago  published  Technical 
Paper  No.  27,  the  title  of  which  is  "  Monthly  Statement  of  Coal 
Mine  Accidents  in  the  United  States,  January  to  August,  1912, 
with  statistics  for  1910  and  1911." 

Mr.  Palmer  asked  about  the  electric  safety  lamp  test.  In  the 
Bureau's  Technical  Paper  No.  47,  just  received  from  the  printer, 
are  given  the  characteristics  of  portable  electric  lamps  as  com- 
pared to  flame  safety  lamps. 

Schedule  No.  5  just  issued  by  the  Bureau  outlines  conditions 
under  which  the  Bureau  will  test  electric  lamps  to  determine 
their  permissibility  for  use  in  gaseous  mines.  These  conditions 
call  for  a  high  standard  of  design  and  construction.  The  electric 
lamp  is  so  safe  anjrway,  that  any  device  applied  to  it  to  make  it 
safer  must  be  very  nearly,  if  not  quite,  100  per  cent  efficient,  and 
the  tests  that  we  are  going  to  make  on  those  lamps  are  based  on 
the  fact  that  they  should  be  nearly  perfect.  We  shall  take  these 
lamps  and  try  in  every  way  possible  to  make  them  ignite  gas, 
and  then  if  we  pass  them,  we  shall  be  reasonably  sure  they  are 
perfectly  safe  for  use  in  any  mine,  no  matter  how  gaseous. 
Experiments  that  are  reported  in  Technical  Paper  47  seem  to 
indicate  that  sparks  that  may  come  from  storage  batteries  up 
to  a  3-cell  battery,  or  6  volts,  will  not  ignite  mine  gas.  If 
such  a  battery  were  short-circuited  a  spark  that  would  ignite 
gas  might  be  produced  if  the  short -circtiit  current  of  the  battery 
were  rather  larger  than  the  ordinary  battery  would  give,  some- 
thing like  100  amperes  for  a  2-volt  cell  and  85  amperes  for  a 
4-volt  cell.  The  only  danger  that  the  Bureau  believes  to  exist 
in  connection  with  portable  electric  lamps  is  the  ignition  of  gas 
by  the  glowing  filament  of  the  lamp,  and  prescribes  that  such 
lamps  shall  be  provided  with  safety  devices,  so  that  if  the  bulb 
should  be  broken,  the  circuit  will  be  broken,  or  the  lamp  short- 
circuited,  so  that  the  carbon  filament  will  not  glow  at  a  tem- 
perature sufficient  to  ignite  gas. 
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ALTERNATING-CURRENT    MOTORS    FOR     THE 
ECONOMIC  OPERATION  OF  MINE  FANS 


BY  P.   B.   CROSBY 


It  is  no  longer  necessary  for  the  advocate  of  electric  drive  to 
dwell  at  length  upon  its  many  advantages.  The  superior  qualities 
of  the  electric  motor  are  thoroughly  attested  by  its  all  but 
universal  adoption  in  every  industrial  field  requiring  the  appli- 
cation of  mechanical  power  at  widely  separated  or  other- 
wise inaccessible  points.  The  question  which  confronts  the 
engineer  today,  save  in  exceptional  instances,  is  not  that  of 
relative  merits  of  the  several  possible  methods  of  transmitting 
energy  to  the  point  of  application,  but  rather  it  is  a  question 
of  the  intelligent  selection  of  the  most  suitable  electrical  equip- 
ment with  due  consideration  of  all  factors  bearing  upon  the  par- 
ticular case  in  hand. 

Efficient  motor  design  is  essentially  a  compromise.  No  single 
type  possesses  all  the  desirable  characteristics  of  the  ideal 
machine.  Recognizing  the  limitation  of  design  and  the  physical 
impossibility  of  producing  a  universal  motor,  electrical  manu- 
facturers are  giving  more  and  more  attention  to  the  specific 
requirements  of  certain  clearly  defined  classes  of  service.  As  a 
result  of  this  specialization  and  the  steadily  increasing  variety 
of  forms  manufactured,  it  is  obviously  of  greatest  importance 
that  for  any  given  duty  the  proper  motor  be  selected,  otherwise 
a  motor  which  under  conditions  for  which  it  is  designed,  would 
give  entire  satisfaction,  may  very  likely  under  different  condi- 
tions prove  an  utter  failure  or  at  best  a  needlessly  expensive 
piece  of  apparatus.  For  example,  induction  motors  can  be 
readily  designed  to  develop  at  reduced  speeds: 
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a.  Constant  horse  power,  — ^increasing  torque. 

b.  Constant  torque, — ahorse  power  proportional  to  speed. 

c.  Torque  decreasing  with  speed. 

Moreover  these  motors  can  be  given  either  a  maximum  or 
overload  rating.  The  power  required  to  drive  a  centrifugal  mine 
fan  varies  approximately  as  the  cube  of  the  speed.  Obviously 
to  install  for  fan  service  a  motor  capable  of  developing  constant 
horse  power  at  reduced  speeds  or  with  any  considerable  overload 
capacity,  does  not  represent  sotmd  engineering,  either  from  the 
standpoint  of  first  costs  or  operating  characteristics. 

It  is  the  purpose  of  this  paper  to  indicate  certain  considera- 
tions which  should  govern  the  selection  of  the  mine  fan  motor 
and  describe  briefly  those  types  which  have  been  adapted  to  this 
service.  No  attempt  is  made  to  discuss  the  relative  merits  of 
the  several  types  of  fan  on  the  market  or  forced  draft  as  compared 
with  the  suction  draft  fan.  It  is  assumed  that  the  type  of  fan 
and  horsepower  required  to  operate  it  have  been  determined  for 
any  given  application. 

Two  general  conditions  arise  requiring  (1)  constant  speed  drive, 
and  (2)  adjustable  speed  drive.  Until  recently,  for  adjustable 
speed  drives,  it  was  practically  necessary  to  install  direct- 
current  motors.  This  necessity  no  longer  exists.  In  laying  out 
new  installations  not  handicapped  by  an  existing  direct-current 
system,  alternating-current  motors  only  need  be  considered. 

In  the  following  discussion  the  term  **  constant  speed  "  implies 
no  appreciable  change  of  speed  from  no-load  to  full -load;  "  vari- 
able speed  "  implies  speeds  varying  with  the  load,  but  constant 
at  constant  load ;  *'  adjustable  speed  "  implies  several  independent 
speeds,  each  constant  under  varying  load.  In  either  case  the 
polyphase  alternating  current  motor  in  some  one  of  its  several 
forms  fully  meets  all  requirements.  The  advantages  of  alternat- 
ing current  from  the  standpoint  of  efficient  transmission  and 
facility  of  manipulation  are  well  recognized,  as  are  also  the  high 
efficiency,  sturdiness,  simplicity  of  operation  and  low  mainte- 
nance charges  of  the  induction  motor. 

I.   Constant-Speed   Drive 

This  is  obviously  the  simplest  condition  met  with  and  is  foimd 
chiefly  in  connection  with  long  railway  tunnels,  subways,  and 
old  mine  workings  in  which  the  voltune  and  pressure  of  air 
handled  is  practically  constant  twenty-four  hours  a  day  and  every 
day  in  the  year.    For  such  service  the  standard  polyphase  indue- 
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tion  motor  is  without  a  competitor.  Properly  installed,  such  a 
motor  can  be  stopped  or  started  automatically  in  emergency 
by  remote  control  and  will  run  constantly  without  attention 
other  than  occasional  inspection  of  the  oiling  system.  Whether 
the  squirrel  cage  or  phase  wound  rotor  should  be  used  depends 
upon  the  capacity  of  the  generating  and  transmission  systems 
and  the  maximiun  permissible  peak  loads  during  starting.  The 
question  of  voltage  depends  upon  location  and  capacity  of  the 
motor.  It  is  rarely  advisable  to  carry  more  than  220  or  440  volts 
underground.  For  motors  of  300  h.  p.  or  less,  above  ground,  it 
is  in  general  desirable  to  use  2300  volts,  or  less,  although  6600 
volts  can  be  used  for  motors  as  small  as  150  h.p.  with  slight 
sacrifice  of  power  factor.  If  high  voltage  must  be  used  for  trans- 
mission to  remote  points,  the  cost  of  a  low  voltage  motor  with 
suitable  step-down  transformers  will  usually  be  about  the  same 
as  for  the  high  voltage  motor,  while  the  operating  characteristics 
of  the  former  will  be  somewhat  better. 

II.  Adjustable-Speed  Drives 

The  great  majority  of  mine  fan  installations  require  an  ad- 
justable-speed drive  and  for  this  reason,  as  stated  above,  until 
comparatively  recently  it  has  been  practically  necessary  to  in- 
stall direct-current  motors  with  shunt  speed  characteristics. 

Good  ventilation  is  fundamentally  essential  in  all  undergrotmd 
mining  operations.  Not  only  must  the  temperatiure  and  the 
carbon  dioxid  (CO2)  content  be  kept  down  for  most  efficient 
working  conditions  but  also  especially  in  coal  mines  poisonous 
and  explosive  gases,  such  as  carbon  monoxid  or  *'  fire  damp  " 
(CO)  and  the  scarcely  less  dangerous  inflammable  coal  dust 
suspended  in  the  air,  must  be  continuously  removed.  Absolute 
continuity  of  service  and  reliability  under  all  conditions  are 
imperative  requirements  of  fan  service. 

It  is  evident  that  in  contrast  with  the  conditions  outlined  in 
case  I,  the  voliune  and  pressure  which  the  fan  must  deliver 
increases  from  day  to  day  as  the  headings  are  advanced  and  the 
drifts  extended.  To  accomplish  this  the  speed  of  the  fan  must  be 
increased  from  time  to  time  until  the  limit  of  efficient  operation  is 
reached.  It  has  become  standard  practise  to  install  a  fan  of 
sufficient  capacity  to  meet  the  ultimate  requirements  at  maximum 
speed  and  operate  it  at  reduced  speed  when  first  installed.  Such 
a  fan  may  be  operated  six  or  eight  months  or  a  year  at  the 
minimiun  speed  and  light  loads  before  the  first  increase  in  speed 
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is  required.    It  is  frequently  years  before  the  maximum  capacity 
is  required. 

The  average  fan  motor  operates  under  practically  constant 
load  throughout  long  periods,  consequently  maximum  efficiency 
is  a  consideration  secondary  only  to  the  reliability  of  operation. 
The  direct  ciurent  shunt  motor  shows  a  fairly  high  efficiency 
throughout  its  range  of  operating  speeds  but  its  installation  is 
subject  to  the  disadvantages  of  the  first  cost,  maintenance,  and 
attendance  inherent  in  a  direct-current  generating  and  distri- 
buting system.  As  compared  with  these  disadvantages  the  many 
desirable  characteristics  of  the  induction  motor  have  frequently 
led  to  its  installation  even  at  the  cost  of  a  compromise  between 
efficiency  and  desirable  operating  speeds.  Numerous  schemes  for 
obtaining  speed  control  for  polyphase  induction  motors  have  been 
developed.  Among  those  of  chief  importance 
are  the  following: 

1 .  Constant-speed  motors  with  changeable 
pulleys. 

2.  Variable-speed   motors   with  rheostatic 
control. 

3 .  Multi-speed  windings. 

4.  Concatenation. 

5.  Single  cascade  motors. 

6.  Dynamic  regulation. 

7.  Brush  shifting  motors.  ^»^-   1-Indlction 
-      ^,         •       ^    II        •       t     •       1                t  Motor  and  Rheo- 

1 .  Changing  pulleys  is  obviously  a  make-     ^.^atic  Control. 

shift  method  subject  to  annoying  delays  and 
limitations  such  as  practical  ratio  of  pulley  diameters,  and  dis- 
tance between  center  lines  of  shafts,  etc. 

2 .  Rheostatic  Control.  When  operated  with  negligible  secondar>' 
resistance  the  polyphase  induction  motor  is  inherently  a  constant 
speed  machine.  Continuous  speed  control  can  be  had  by  means 
of  an  adjustable  resistance  in  the  secondary  circuit  but  the  effi- 
ciency falls  rapidly  as  the  range  of  operating  speeds  is  increased. 
(Fig.  4).  In  Fig.  1,  i4  is  the  main  motor  and  B  is  the  external 
secondary  resistance.  Assuming  that  50  per  cent  speed  reduction 
by  rheostatic  control  is  required,  it  follows  that  the  shaft  out])ut. 
with  fan  load  must  be  approximately  (J)'  =  12.5  per  cent, 
and  an  equal  amount  of  energy  must  be  dissipated  in  the  rheostat 
in  addition  to  the  losses  in  the  motor  itself.  The  effect  on  over- 
all efficiency  is  obvious. 

Another  vital  objection  to  rheostatic  control  lies  in  the  fact 
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that  with  external  resistance  in  the  secondary  circuit,  the  speed 
varies  with  the  load,  accelerating  under  light  loads  and  dropping 
again,  to  a  value  determined  by  the  secondary  resistance  when 
the  load  comes  on.  Since  at  no-load  the  secondary  current  is 
negligible,  no  amount  of  resistance  within  reasonable  limits 
will  hold  down  the  speed  of  the  motor. 

Fig.  2  shows  increase  in  speed  of  motor  corresponding  to  several 
initial  speeds  when  load  is  changed  from  1}  to  }  times  full  load 
torque. 

3.   Multi-Speed    Windings.     Where    two    definite    constant 
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speeds  are  sufficient  the  induction  motor  can  often  be  supplied 
with  external  connections  by  means  of  which  the  polar  grouping 
can  readily  be  changed  to  give  the  desired  synchronous  speeds. 
The  cost  of  such  a  motor  is  but  slightly  more  than  that  of  a  single 
speed  motor  provided  a  2:1  ratio  is  employed  for  the  high  and 
low  speeds.  Where  a  ratio  other  than  2:1,  or  where  three  or  four 
constant  speeds  are  required,  the  condition  can  sometimes  be  effec- 
tively met  by  two  separate  windings  in  the  same  slots,  one  or 
both  of  these  windings  being  arranged  for  external  multi-polar 
grouping.  Three  separate  windings  are  not  permissible  in  prac- 
tical design.    Such  motors  are  sometimes  used  with  or  without 
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changeable  pulleys  and  rheostatic  control  for  intennediate  speeds, 
but  at  best  are  a  compromise,  since  the  number  of  constant  speed 
steps  is  limited  by  characteristics  of  design  and  by  prohibitive 
costs.  Rheostatic  control  is  always  objectionable  for  reasons 
noted  above. 

Fig .  3  shows  diagrammatically  the  arrangement  of  stator  and 
rotor  windings  for  a  two-speed  diangeable  pole  motor. 

Fig.    4  shows  typical  efficiency  fcc,eu«"L«a»cuiT 

and  power  factor  curves  for  a  two- 
speed  motor  with  rheostatic  control. 
4.  Concatenation.  Another  method 
of  obtaining  three  or  more  constant 
speeds,  particularly  where  low 
speeds  are  required,  has  been  em- 
ployed abroad  for  mine  fan  service. 
This  scheme  employs  segregated 
electrical  and  magnetic  circuits  and 
is  known  as  operation  in  "  cascade  " 
or  "  concatenation." 

In  general  two  single-speed 
motors,  one  of  which  at  least  has  a 
polar  wound  rotor,  are  mounted  on 
the  same  shaft.  The  primary  of 
motor  A  is  connected  to  the 
secondary  of  motor  B.  Each  of  , 
these  motors  may  have  either 
single  or  multi-speed  windings  and 
may  be  operated  independently  of 
the  other  as  well  as  in  concatena- 
tion. The  second  motor  may  have 
either  a  phase-wound  or  squirrel- 
cage  rotor.  In  case  phase-wound 
rotors  are  used,  speed  regulation  by 
secondary  rheostatic  control  may 
be  obtained  in  the  usual  manner,  and  with  the  usual  objections. 

Two  motors  are  connected  in  direct  concatenation  if  they  show 
a  tendency  to  start  in  the  same  direction  and  in  differential  con- 
catenation if  they  tend  to  start  in  opposite  directions."  The 
synchronous  speed  of  motors  in  concatenation  may  be  determined 
as  follows: 


^^ 


Speed  = 


cycles  X  120 
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where  Pi  =  niimber  of  poles  of  first  motor  and  Pt  "  the  number 
of  poles  of  the  second  motor,  the  plus  sign  being  used  for  direct 
and  the  minus  for  differential  concatenation.  ' 

With  the  multi-speed  pole  changing  motors  it  is  necessary 
to  open  the  primary  circuit  when  changing  from  one  speed 
to  the  other,  this  may  be  avoided  in  concatenated  sets  by 
introducing  resistance  in  the  leads  between  the  two  motors, 
the  resistance  being  cut  in  or  out  step  by  step  when  changing 
speeds.     (Fig.  5). 

As  noted  with  a  polar-wound  rotor,  any  reduction  in  speed  by 
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rheostatic  control  is  accompanied  by  a  proportionate  reduction 
in  efficiency,  the  power  factor  remaining  practically  constant. 
With  concatenated  motors  the  efficiency  remains  approximately 
constant  provided  there  is  no  external  resistance  in  the  rotor 
dxcuit  of  the  second  motor,  while,  at  the  lower  speed,  the  power 
factor  drops,  due  to  the  fact  that  as  compared  with  their  normal 
individual  ratings,  the  motors  are  underloaded  when  in  conca- 
tenation. 

5.  Single  Cascade  Motor.    The  single  cascade  motor  offers 
still  another  method  of  obtaining  two  or  three  definite  &i»d. 
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Speeds.  This  motor  has  an  internally  concatenated  winding. 
The  stator  winding  is  of  the  usual  full  and  half  speed  type.  The 
single  winding  of  the  rotor  is  so  arranged  that  its  magnetizing 
effect  is  the  same  as  would  be  produced  by  two  separate  windings. 
It  is.  however,  a  decided  improvement  over  two  separate  wind- 
ings, since  all  coils  which  in  such  cases  would  neutralize  each 
other  are  omitted  in  the  concatenated  connection  and  grouped 
together  for  connection  to  the  slip  rings  for  use  only  at  other 
speeds.  When  the  primary  of  the  first  element  is  properly  con- 
nected with  two  circuits  per  phase  in  multiple  corresponding 
to  the  number  of  poles,  these  circuits  are  in  exact  opposition  for 
the  number  of  poles  in  the  second  element  and  form  a  perfect 
path  for  short  circuiting  the  secondary  of  the  second  element. 
The  stator  winding,  therefore,  carries  two  currents  simultaneously 
(1)  a  current  from  the  line  at  full  frequency  and  (2)  induced 
current  at  frequency  corresponding  to  the  slip.  The  general 
arrangement  of  windings  is  shown  in  Fig.  6. 


Fig.  5 — Conxatenated  Winding 


By  inserting  a  variable  external  resistance  between  certain 
points  in  the  stator  windings  and  open-circuiting  the  collector 
rings,  variable  speed  control  can  be  obtained  for  the  concatenated 
connection.  Resistance  across  the  collector  rings  gives  ordinary 
variable  speed  characteristics  for  the  other  two  speeds. 

This  type  of  motor  is  particularly  adapted  to  the  three  speeds 
corresponding  to  the  polar  ratios  1-2  and  3,  for  example  4-8-12, 
6-12-18  etc. 

6.  Dynamic  Regulation.  As  stated  earlier  in  this  pai>er  each 
of  the  foregoing  schemes  possesses  inherent  disadvantages  which 
until  recently  have  made  it  practically  necessary  to  employ  a 
direct  current  motor  with  shunt  characteristics  whenever  close 
regulation  was  required  for  a  large  number  of  speeds  each  con- 
stant under  varying  loads. 

Recently  means  have  been  perfected  whereby  shunt  speed 
characteristics  caTvbe\v^.^^\Xv\}cv^^\,'2cad'8ccd^lY9ha  induction 
motor   togethet  vnXXv  \v\^  ^^^t  Vwix.'at  ^t^^  \vv^  ^^^^t«:^ 
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throughout  the  range  of  operating  speeds.  The  method  employed 
is  susceptible  of  several  modifications  and  will  be  referred  to  in- 
diisively  as  dynamic  regulation.  With  rheostatic  control  the 
secondary  energy  is  dissipated  as  heat  whereas  with  dynamic 
regulation  the  major  portion  of  this  energy  is  returned  to  the 
system.  Referring  to  Fig.  7,  the  external  resistance  B  of  Fig.  1 
is  replaced  by  the  compensated  commutator  motor  B,  which 
forms  one  element  of  a  two  unit  motor-generator  set,  the  second 
element  of  which  is  a  standard  squirrel  cage  induction  motor 
connected  to  the  supply  mains.  This  machine  is  driven  slightly 
above  synchronism  by  the  commutator  motor  and  operating  as 
an  induction  generator  returns  to  the  system,  enei^y  proportional 


to  the  slip  of  the  main  motor,  less  the  losses  in  the  set  itself. 
The  commutator  motor  receives  energy  from  the  secondary 
of  the  main  motor  at  relatively  low  frequencies  and  in  general 
must  have  a  proportionately  small  percentage  of  the  main  motor 
capacity.  Assuming  that  A  is  to  drive  a  fan  at  50  per  cent  of 
synchronous  speed  the  horse  power  delivered  to  the  fan  will  be 
approjtimately  12.5  per  cent,  of  the  rated  capacity  of  the  motor  and 
the  same  amount  of  energy  will  be  delivered  to  the  regulating  set. 
If  the  connected  load  required  constant  horse  power  at  the 
motor  shaft,  then  neglecting  losses,  the  motor  input  at  50  per 
cent  speed  would  be  200  per  cenl,  the  shaft  horse  power  100 
per  cent  and  the  energy  returned  to  the  system  100  per  cent. 
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If  i^ain  the  connected  load  required  constant  torque  at  the 
motor  shaft,  then  neglecting  the  losses,  the  motor  input 
would  be  100  per  cent,  the  shaft  output  50  per  cent,  and  50  per 
cent  would  be  returned  to  the  system.  This  is  shown  graphically 
in  Fig.  8.  If  X  per  cent  regulation  is  required  at  constant  torque 
the  motor  generator  set  must  have  X  per  cent  of  the  normal 
horsepower  capacity  of  the  main  motor.  In  general  where  the  re- 
quired torque  varies  with  the  speed  the  regulating  set  must  have 

X 


I-X 


per  cent  of  the  normal  b.p.  capacity  of  the  main  motor. 


Fig.  9  shows  typical  curves  of  efficiency  and  power  factor  for  the 
conditions  indicated  above  with  dynamic  regulation  and  rheo- 
static  control.  Where  standard  regulating  sets  are  employed  they 
can  be  of  relatively  high  speed  and  inexpensive  design  as  com- 
pared with  the  slow  speed  main  motor. 

Fig.  10  shows  a  modification  of  the  above  scheme  in  which  the 
commutator  motor  B  is  direct  connected  to  the  main  motor 
shaft.  In  this  case  the  slip  energy  of  the  main  motor  is  trans- 
formed to  mechanical  energy  and  the  torque  of  B  added  to  the 
torque  exerted  by  the  main 
motor  A .  This  arrangement  is 
especially  desirable  where  con- 
stant horse  power  must  be  main- 
tained at  the  shaft.  For  fan 
service,  however,  the  high-speed 
self-contained  regulating  set  is 
usually  cheaper  and  yields  equal- 
ly satisfactory  results.  Further- 
more, the  possibility  of  applyit^ 
the  standard  regulating  set  to 
any  standard  induction  motor 
with  phase-wound  rotor  in  event  of  future  re-arrangement  of 
equipment,  is  an  important  advantage. 

In  addition  to  the  advantages  of  adjustable  constant  speeds 
under  varying  load  and  high  operating  efficiency  the  possibilities 
of  power  factor  correction  are  often  of  great  importance.  If 
desired,  unity  power  factor  can  be  maintained  on  the  main  motor 
with  all  the  usual  beneficial  results  in  improved  regulation  and 
increased  energy  capacity  in  power  station  and  transmission 
system.  Unity  power  factor  correction  naturally  involves  a 
somewhat  more  expensive  set  since  the  m^inetizing  current  is 
supplied  by  thecommutatormotorinsteadotfctom^.'Qa'^aoa.  Tat 
standard  sets  should  have  suffident  capacity  to  TWiSe  \Ia»i  ^cw^ 
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factor  of  the  main  motor  about  10  per  cent,  maintaining  an  avar- 
ice power  factor  of  95  per  cent  or  in  some  cases  100  per  cent  with- 
out incrcase<l  cost.  In  special  cases  It  is  possible  to  supply 
suSicient  magnetizing  current  from  the  commutator  motor  to 
give  the  m^n  motor  a  leading  power  factor  thus  obtaining  a 
certain  corrective  effect  for  low  power  factor  conditions  on  the 
external  system.  The  kilovolt-ampere  capacity,  copper  losses 
and  first  cost  will  be  increased  and  the  overall  efficiency  lower  in 
this  case. 

The  operation  of  the  set  with  magnetic  control  is  very  simple. 
The  induction  generator  is  thrown  across  the  line  by  means  of 
standard  compensator  and  brought  tip  to  speed  as  an  ordinary 
squirrel  cage  motor.  The  main  motor  is  started  by  closing  the 
primary  oil  switch  and  accelerated  by  automatic  ciurent  limit  or 
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Fio.    11 — Efficiencies,  400-h.p.  Motor 


hand  control.  The  speed  of  the  main  motoradjustsitself  to  the 
tension  determined  by  the  setting  of  the  exciter  6eld  rheostat. 
Any  further  speed  adjustment  is  obtained  by  the  maniptilation 
of  this  exciter  field  rheostat. 

The  range  of  speed  regulation  obtained  is  limited  by  the 
maximum  frequency  impressed  on  the  commutator  motor.  In 
general  for  pood  design  this  should  not  exceed  approximately 
20  cycles,  Vi'bic^  wvW  ^"^e  ^.tiout  30  gcr  cent  regulation  on  a  60 
cycle  molor.  TYv\s  \\TO\\,N«.Tv'is.wim\«sN\vA'iTis3^''0&fc^Tat^ 
involved. 
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This  system  was  developed  in  Europe  and  in  the  past  four  years 
about  thirty  equipments  have  been  put  in  successful  operation 
for  mine  fans  and  rolling  mills.  Ten  similar  equipments  have 
been  sold  in  this  country  within  the  last  six  months. 

Fig.  11  shows  efficiency  curves  with  regulating  set  and  with 
rheostatic  control  for  a  400-h.p.  motor  driving  a  mine  fan.  Two 
of  these  motors  were  actually  installed  and  operated  continuously 
at  40  per  cent  speed  regulation  by  rheostatic  control  for  nearly  a 
year.  Under  these  conditions  the  input  to  the  fan  would  be 
21.6  per  cent,  and  the  energy  dissipated  in  the  rheostat  or 
delivered  to  the  regulating  set  14.4  per  cent,  ol  the  full  load 
rating  of  the  motor.  From  the  curves  the  relative  over- 
all efficiencies  with  rheostatic  and  dynamic  control  are  seen 
to  be  51  per  cent  and  70.5  per  cent  respectively.  The  relative 
power  consumption  is  therefore  169.5  h.p.  and  122.5  h.p.  or  a  net 
saving  of  47.0  horse  power  per  machine.  Assuming  that  power 
can  be  purchased  for  one  cent]per  kw-hr.,  the  net  saving  due  to 
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Fig.  12 — Connections  for  Bru^h  Shifting  Motor 


the  use  of  a  regtdating  set  with  each  fan  12  hours  per  day  300 
days  per  year  would  be  0.01  X  47.0  X  0.746  X  12  X  300  X  2 
=  $2525.00  approximately.  In  many  gaseous  mines  the  fans 
must  operate  continuously  24  hours  per  day  every  day  in  the 
year,  in  which  case  the  above  net  savings  would  become  $6160.00. 
7 .  Brush  Shifting.  For  fan  installations  requiring  motors  of 
lOO.h.p.  or  less  capacity,  in  place  of  the  regtdating  sets  described 
above,  the  brush  shifting  polyphase  motor  can  often  be  employed 
to  advantage.  Fig.  12  indicates  the  general  arrangement  of  con- 
nections for  this  type  of  motor.  The  motor  derives  its  name  from 
the  fact  that  it  is  started,  stopped,  reversed  and  controlled  by 
merely  shifting  the  brushes.  With  a  certain  brush  setting  no 
torque  is  developed,  consequently  the  motor  will  not  start  when 
the  line  switch  is  closed  until  the  brushes  are  TCvoveA.  Itoxa  'Owns* 
position.     The  speed  of  the  motor  is  pToport\otv^  \*o  Xjofc  ^T>cfe 
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shift.  Reverse  operation  can  be  obtained  by  moving  the  brushes 
in  the  opposite  direction  from  the  zero  position,  but  for  best 
commutation  two  phases  should  also  be  reversed  for  reverse  opera- 
tions. Brush  shifting  is  accomplished  by  means  of  suitable  wonn 
gear  and  hand  wheel  conveniently  located .  Commutation  is  excel- 
lent throughout  the  entire  speed  range.  Fig.  13,  shows  power 
factor  and  eflfidency  curves  for  a  60-h.p.  brush  shifting  motor  and 
for  an  ordinary  induction  motor  with  rheostatic  control  designed 
for  fan  service.     These  curves  were  plotted  from  actual  test  data. 
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Fig. 13 —  Poweb  Factor  and  Efficiency  for  Brush  Shifting  Motor 


The  minimum  permissible  speed  depends  largely  upon  the  torque 
requirements  of  the  driven  load.  For  fan  service  this  type  of 
motor  will  give  stable  operation  at  very  low  sjieeds  corresponding 
approximately  to  70  per  cent  slip  below  synchronism. 

In  conclusion  it  would  appear  to  the  writer  that  in  the  absRuc* 
of  an  existing  direct-current  system,  the  advantages  of  the  poly- 
phase motor  leave  small  ground  for  the  application  of  direct- 
current  motors  for  either  constant  or  adjustable  speed  fan  drive  . 
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Discussion  on  "  Alternating-Current  Motors  for  the 
Economic  Operation  of  Mine  Fans  **  (Crosby),  Pitts- 
burgh, Pa.,  April  18,  1913. 

C.  W.  Beers :  The  title  of  Mr.  Crosby's  paper  is  apt  to  convey, 
to  my  mind,  something  misleading.  It  deals  with  the  motor  side 
of  the  question  and  leaves  out  the  fan  side  of  the  question,  and 
I  would  like  to  give  a  few  points  in  regard  to  the  fan  operation. 

I  have  read  the  article  by  Mr.  Crosby  with  considerable 
interest,  as  to  me  much  of  the  subject  matter  as  presented  by 
TVlr.  Crosby  is  new.  I  was  somewhat  disappointed,  however, 
to  note  the  apparently  small  amount  of  attention  that  he  paid 
to  fans  operating  in  the  anthracite  region,  which,  with  few 
exceptions,  require  small  driving  power. 

A  survey  of  the  fans  in  the  anthracite  region  indicates  that 
with  few  exceptions  the  fans  are  comparatively  small.  There 
are  a  few  of  100  h.p.,  while  the  majority  run  below  50  h.p. 

From  the  motor  viewpoint  of  the  article,  as  I  have  interpreted 
it,  the  application  of  variable  speed  motors  as  a  fan  drive  is 
hardly  the  correct  method  of  making  use  of  the  fan.  Looking 
at  it  from  the  fan  point  of  view,  in  the  anthracite  region  I 
believe  that  the  prevailing  opinion  of  mining  men  is  that  the  fan 
should  run  at  its  constant  maximum  efficient  peripheral  speed, 
regardless  of  the  quantity  of  air  to  be  delivered,  although  there 
are  quite  a  few  cases  where  this  is  not  always  carried  out,  due,  no 
doubt,  to  certain  peculiar  property  conditions. 

Mr.  Crosby  has  said  that  the  great  majority  of  mine  fan  in- 
stallations require  an  adjustable  speed  drive.  To  this  I  do  not 
agree  unless  the  arrangements  do  not  permit  of  splitting  the  air, 
or  the  air  required  is  exceptionally  small  compared  to  the  ultimate 
fan  capacity,  in  which  case  I  believe  a  better  plan  is  to  use  a 
smaller  fan  until  such  time  as  a  larger  fan  might  be  required. 
In  the  last  paragraph  on  page  1075  it  is  said  that  as  the  workings 
advance  from  day  to  day  that  the  volume  and  pressure  increases. 
This  is  not  true.  The  volume  decreases  and  the  pressure  in- 
creases, and  if  the  fan  is  speeded  up,  to  give  more  air,  then  pres- 
sure begins  to  increase  at  a  great  rate,  with  a  considerable 
increase  in  power,  and  if  that  plan  of  operation  is  continued,  then 
the  limit  of  efficient  operation  is  soon  passed,  the  fan  becomes 
inefficient,  and  the  applied  power  is  spent  in  overcoming  practic- 
ally resistance  only,  and  very  little  is  spent  on  the  air,  which  is 
an  uneconomical  arrangement. 

To  produce  a  change  in  the  air,  by  means  of  speed  change 
appears  to  me  to  be  rather  bad  practise,  unless  mining  condi- 
tions prohibit  any  other  method.  It  produces  very  poor  fan 
economy,  because  the  fan  is  not  running  at  its  most  efficient 
peripheral  speed.  And  on  account  of  keeping  so  c  ose  to  the  air 
quantity,  the  gases  may  not  be  properly  cleaned  out,  and  it 
places  the  care  of  the  fan  in  the  hands  of  a  person  who  may  not,  at 
all  times,  be  under  the  direct  control  of  the  mine  foreman. 
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On  account  of  rapidly  approaching  the  limit  of  efficient  air 
volume,  the  fan  becomes  too  small,  or  else  the  power  apparatus  is 
overloaded  in  overcoming  the  mine  resistance.  The  correct  way 
to  vary  the  air  quantity  of  a  fan  is  by  changing  the  air  courses,  or 
by  splitting  the  current,  thus  giving  an  increased  volume  and  a 
reduced  water  gage,  and  where  this  plan  is  carefully  followed  out. 
the  fan  runs  at  constant  peripheral  speed,  and  with  slight  varia- 
tion in  power.  This  also  results  in  high  fan  economy  as  the 
applied  power  is  spent  more  on  the  air  than  on  the  mine  resist- 
ance, which  is  not  the  case  in  adjustable  speed  drives. 

It  is  the  displaced  air  that  should  be  the  measure  of  the  power 
expended,  and  not  the  amount  of  resistance  to  be  overcome.  To 
illustrate  this  point:  In  a  certain  mine,  the  gangway  was  used 
as  the  intake,  and  the  airway  for  the  return.  The  water  gage  was 
two  inches,  the  number  of  cubic  feet  was  98,000  and  the  fan  was 
running  at  50  rev.  per  min.  It  was  necessary  that  the  air  be 
increased.  To  accomplish  this  the  gangway  and  old  airway  were 
both  made  to  serve  as  the  intake,  the  headings  being  used  for 
rettUTi.  The  result  was  that  the  fan  delivered  178,000  cu.  ft.  of 
air,  and  the  water  gage  dropped  to  6/10  in.,  the  fan  speed  remain- 
ing practically  constant. 

It  is  a  fact  that  any  normal  size  fan  motor  may  be  overloaded 
by  reducing  the  resistance  to  a  minimimi,  and  working  the  fan 
on  free  air  discharge.  Conversely,  the  motor  load  decreases,  when 
the  fan  displacement  is  the  minimimi,  and  the  resistance  is  the 
maximtmi.  Hence,  between  these  limits  the  quantity  of  air 
delivered  may  be  made  anything,  simply  by  varying  the  amount 
of  resistance  to  be  overcome,  and  as  previously  stated,  this 
could  be  made  by  changing  the  airways  themselves  or  by  proper 
splitting. 

From  a  consideration  of  these  facts,  it  appears  to  me  that  con- 
stant speed  motors  are  the  proper  style  of  drive  to  use,  and 
should  be  used  wherever  possible.  It  is  true  that  the  ultimate 
variation  in  power  on  the  motor  may  be  large,  but  even  between 
these  extremes,  the  overall  efficiency  does  not  vary  so  greatly,  as 
the  fan  efficiency  under  these  conditions  is  quite  high  and  con- 
stant over  a  wide  range  in  air  quantity,  provided  the  fan  is 
operated  at  its  most  economical  peripheral  speed. 

Mr.  Crosby  has  said  that  reliability  is  the  first  condition,  and 
then  comes  economy.  As  far  as  reliability  is  concerned,  it 
seems  to  me  that  the  simplicity  of  the  ordinary  squirrel  cage 
motor  could  be  well  capitalized  in  the  matter  of  economy,  when 
compared  to  the  more  complicated  adjustable  speed  drive. 

Wilfred  Sykes :  I  am  very  much  interested  in  Mr.  Crosby's 
paper,  and  I  think  it  is  well  that  this  subject  of  using  three- 
phase  commutator  motors  for  regulating  induction  motors 
should  be  brought  up  before  a  meeting  of  this  class.  In  a  paper 
delivered  before  the  Institute  in  New  York  by  Dr.  Meyer  and 
myself,  a  great  number  of  other  schemes  were  mentioned  that 
have  been  worked  out,  using  commutator  machines.    There  are 
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a  great  many  combinations  possible,  and  some  of  them  perhaps 
simpler  than  that  described  by  Mr.  Crosby. 

I  notice  in  Fig.  7,  showing  a  regulating  set,  that  it  really 
consists  of  three  machines,  and  apparently  the  small  machine 
on  the  right  is  an  exciter. 

Now,  there  is  one  point  I  want  to  bring  out  particularly,  and 
that  is  the  question  of  the  amount  of  attention  that  you  can 
give  to  a  mine  fan  or  to  mining  apparatus  generally.  The  usual 
condition  in  a  mine  is  that  you  start  the  machine  working  and 
you  let  it  go  and  hope  it  will  keep  going,  and  until  something 
connected  with  the  machine  breaks,  nobody  goes  near  it.  In 
my  mind  it  is  questionable  whether  you  can  use  a  machine  having 
the  characteristics  of  the  three-phase  commutator  motor  under 
those  conditions  and  get  good  results.  These  schemes  have  been 
mostly  developed  in  Europe,  and  recently  I  saw  a  ntmiber  of  them 
operating  and  apparently  working  very  well.  I  asked  the  opera- 
tors a  number  of  questions,  the  principal  one  of  which  was — 
**  How  much  attention  do  you  have  to  give  to  the  machine?" 
And  I  got  the  same  answer  in  all  cases,  that  they  had  to  look 
after  these  machines  pretty  well,  give  them  more  attention  than 
they  would  to  a  straight  induction  motor.  If  that  is  the  con- 
dition existing  in  Europe,  where  they  have  a  very  much  better 
class  of  labor,  looking  after  machinery  around  mines,  where  the 
attendants  are  much  better  educated,  and  have  a  much  better 
knowledge  of  the  characteristics  of  the  machines,  what  is  going 
to  be  the  condition  in  this  country?  It  seems  to  me  we  will  have 
to  make  our  machines  here  very  much  stronger  in  every  way 
to  meet  operating  conditions  than  do  our  European  friends.  I  am 
convinced  that  for  ordinary  work  you  could  not  use  the  European 
induction  motor  and  set  it  down  under  American  conditions 
and  get  anything  like  the  restdts  achieved  with  the  machines 
built  in  this  coimtry.  Our  operating  conditions  are  different, 
and  the  machines  have  less  skilled  attention. 

The  question  as  to  whether  it  is  desirable  to  use  any  regulating 
arrangement  at  all,  is  open  to  quite  a  little  discussion — I  am 
referring  now  to  fan  motors.  My  impression  is  that  in  most 
mines  possibly  two  speeds  for  the  fan  will  meet  all  operating 
conditions,  or  will  meet  the  conditions  with  very  little  sacrifice 
in  economy,  if  you  consider  the  yearly  operating  conditions. 
Now,  you  can  get  the  two  speeds  either  by  a  two-speed  motor, 
or  you  can  have  some  arrangement  in  which  you  have  different 
ptdley  ratios.  The  mine  fan  has  to  be  belted  in  nearly  every 
case,  because  the  fan  speed  is  so  low  that  the  motor  could  not  be 
direct-connected.  In  opening  the  mine  you  do  not  require  so 
much  air,  but  later,  if  you  want  to  increase  it,  there  is  no  hardship 
in  changing  the  pulley  ratio.  A  condition  like  that  would 
not  warrant  the  installation  of  an  expensive  regulating  set. 
On  the  other  hand,  instead  of  the  simple  induction  motor, 
you  have,  as  shown  in  the  sketch  by  Mr.  Crosby,  a  three- 
machine  regulating  set,  and  I  think  when  you  come  to  con- 
sider, not  only  the  first  cost  but  the  attention,  and  giving  proper 
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consideration  to  the  question  of  reliability,  that  there  is  quite 
some  question  as  to  whether  you  are  justified  in  the  majority  of 
cases  in  using  any  scheme  of  this  kind.  I  personally  would 
very  much  like  to  see  this  thing  worked  out  satisfactorily.  On 
the  other  hand,  I  think  we  must  go  slowly  in  applying  the  Euro- 
pean experience  to  American  conditions.  I  know  where  it 
has  been  tried  in  a  good  many  cases,  and  we  have  had  disastrous 
results. 

One  of  the  schemes  that  was  mentioned  in  the  paper  that  we 
read  in  New  York  on  this  question  involved  only  a  single  regulat- 
ing machine,  or,  in  case  the  voltage  of  the  line  was  over  440,  a 
single  regulating  machine  and  transformer.  Such  an  arrange- 
ment seems  to  be  a  simplification  of  the  one  indicated  by  Mr 
Crosby,  but  I  think  it  will  be  a  matter  of  some  time  before  we 
can  say  that  these  equipments  will  be  really  satisfactory  for 
American  conditions.  I  think  the  experiment  of  trying  out  some 
of  these  things  is  one  worth  while,  and  such  experiments  may 
lead  to  developments  which  will  greatly  enhance  the  value  of 
the  induction  motor  and  avoid  the  use  of  the  direct -currerr 
variable  speed  motor  around  mines. 

In  all  of  our  work  in  mining  it  is  aimed  to  cut  down  the 
amount  of  direct-current  machinery  as  much  a?  possible,  and 
try  to  use  simple  apparatus.  Whether  it  is  advi.sab  e  to  add 
on  a  regulating  set,  especially  a  machine  like  rhe  three-phase 
commutator  motor,  which  has  limitations,  is  a  question  which 
can  only  be  found  out  by  experience 

One  point  arises,  and  that  is  the  use  of  the  three- pha:e  com- 
mutator motor  on  60  cycles.  Most  of  our  mines  use  alternating 
current  for  60-cycle  power,  and  that  makes  it  a  good  deal  harder 
to  make  a  satisfactory  commutator  machine  than  if  we  were 
using  25-cycles.  Of  course,  the  commutator  machine  is  in  the 
rotor  circuit  of  the  induction  motor  and  consequently  the 
frequency  on  it  is  variable,  depending  upon  the  speed  drop 
required.  With  a  scheme  of  this  kind  the  condition  is  not  quite 
so  bad,  when  driving  a  fan,  as  it  would  be  if  you  had  a  constant 
torque,  because  the  current  decreases  as  your  frequency  increases, 
and  that  facilitates  commutation.  I  think  the  question,  how- 
ever, as  to  reliability  of  these  regulating  schemes,  is  one  that 
has  to  be  given  a  great  deal  of  attention,  and  one  that  makes  it 
desirable  to  go  a  little  slow  in  installing  apparatus  of  this  kind. 

George  R.  Wood:  My  impression  is  that  this  partictilar 
application  is  not  intended  as  a  panacea  for  all  ills,  and  that  it  is 
not  expected  to  use  this  in  those  cases  where  we  have  fully 
developed  mines,  with  fans  requiring  practically  constant  speed. 
There  are  conditions,  as  we  all  know,  where  we  have  to  open  a 
mine  with  very  little  air  required.  In  a  short  time  it  will  require 
a  large  fan  operating  at  increasing  speed.  Mr.  Beers  suggests 
putting  in  a  small  fan  and  operating  it  at  suitable  speed,  and 
later  changing  the  fan.  This  is  a  waste.  If  we  can  install  a 
motor  which  ynR  do  everything  from  the  start  to  the  finish 
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of  the  operation,  and  get  fair  efficiency  out  of  it,  it  wotild  seem  to 
me  to  be  very  desirable. 

One  of  the  greatest  difficulties  in  the  application  of  motors  to 
mine  fans  is  this  requirement  for  variable  speed,  and  engines, 
even  though  wasteftd  of  power,  are  often  installed  as  a  matter  of 
convenience.  It  is  always  desirable  to  have  reserve  speed  and 
power  in  mine  fan  equipment,  which  ordinarily  means  ineffi- 
ciency under  normal  conditions. 

I  believe  the  regtdating  system  described  by  Mr.  Crosby  to  be 
very  desirable  on  fan  motors  of  300  h.p.  and  over,  particularly  for 
bitiuninous  mines,  with  high  and  rapidly  increasing  water  gage. 

I  am  glad  to  note  that  a  number  of  sets  of  this  kind  are  being 
installed  by  the  Pittsburgh  Coal  Co.,  both  of  the  motor-generator 
style  for  large  motors,  and  three-phase  commutator  type  for 
small  sizes.  These  will  all  use  purchased  power,  and  valuable 
data  should  soon  be  available. 

H.  C.  Eddy:  I  ask  Mr.  Crosby  as  to  the  expense  attached 
to  the  use  of  the  installation — the  cost  of  installation  of  such  a 
device — as  compared  with  the  cost  of  the  main  motor,  not  neces- 
sarily in  dollars  and  cents,  but  in  percentages. 

Graham  Bright:  I  would  like  some  practical  mine  ventila- 
tion man,  to  tell  us  why  we  cannot  run  a  fan  at  a  constant 
speed  at  all  times,  and  throttle  the  outlet  of  the  fan?  They  do 
this  in  hydratdic  work,  and  why  can  it  not  be  done  in  fan  work? 
Let  the  fan  run  at  the  same  speed  all  the  time,  and  then 
apply  some  arrangement  of  putting  a  throttle  at  the  inlet  to 
the  mine,  so  that  as  the  mine  develops  we  can  open  up  a  little 
more  and  allow  more  air  to  go  through.  There  may  be  some 
objections  to  this  scheme,  and  some  of  our  practical  ventilation 
men  may  tell  us  what  they  are.  The  efficiency  may  be  somewhat 
lower  than  obtained  by  some  of  the  variable  speed  methods  but 
the  simplicity  is  such  that  the  continuity  of  service  should  be 
very  high. 

Mr.  Crosby  says  that  sometimes  an  ordinary  wound-rotor 
motor  is  used  and  speed  reduction  obtained  by  cutting  a  resist- 
ance in  the  rotor  circuit  and  that  this  scheme  is  objectionable  on 
account  of  the  speed  changing  with  the  load.  As  to  a  change  in 
load,  with  a  fixed  speed,  this  cannot  be,  since  with  a  fan  run- 
ning at  practically  constant  speed,  the  load  is  constant,  and 
you  therefore  will  not  get  very  much  variation  of  speed  with 
any  resistance  you  put  in  the  rotor  circuit. 

I  would  like  to  know  if  there  is  any  difficulty  in  constructing  a 
three-phase  commutator  motor  for  60  cycles,  as  most  of  the  mine 
circuits  have  60  cycles  instead  of  25  cycles. 

Mr.  Crosby  also  remarks  that  changing  pulleys  is  rather  in 
the  form  of  a  makeshift.  When  we  start  a  new  mine,  and  the 
mine  develops  and  requires  more  air,  it  is  not  a  question  of 
changing  the  pulley  every  day  or  two.  The  fan  will  probably 
run  for  six  months  or  more,  before  it  is  necessary  to  change  the 
pulley,  and  preparation  can  be  made  beforehand,  so  that  the 


1092  i4-C.    FAN  MOTORS  IN   MINES  [April  18 

change  of  the  piilley  will  not  be  a  hardship  and  can  be  accom- 
plished with  little  or  no  delay  in  the  mine  operation. 

H.  Meyer-Delius :  I  think  there  would  be  no  question  at  all 
that  we  would  use  a  normal  sqtiirrel  cage  constant  speed  motor 
if  the  mine  operators  did  not  want  to  change  the  speed,  as  the 
first  speaker,  Mr.  Beers,  said.  I  am  not  at  all  familiar  with  these 
ventilators  or  fans,  and  I  am  told  that  it  is  a  very  difficult 
problem  to  deal  with.  I  spoke  to  several  mine  operators  in 
Europe,  and  they  came  to  conclusions  contrary  to  Mr.  Beers,' 
but  I  do  not  know  whether  that  is  due  to  diflFerent  conditions 
in  European  mines  or  to  different  opinions  about  the  same  con- 
ditions. The  usual  conditions  in  Europe  are  such  that  at  first 
when  the  mine  is  small  they  do  not  need  much  air,  and  since 
they  are  using  a  fan  and  a  motor  equipment  of  the  full  capacity 
they  have  either  to  throttle  the  pipe  or  to  reduce  the  speed,  and  I 
am  told  that  reducing  the  speed  is  much  more  economical  than 
to  throttle  the  pipe.  They  mostly  run  at  first  at  30  per  cent  less 
speed  than  at  the  end,  and  that  means  a  very  big  difference  for 
the  air  voltune,  and  apparently  they  have  foimd  out  that  even 
at  this  low  speed  the  fan  operates  at  pretty  good  efficiency. 

I  had  the  opportunity  to  visit  practically  all  of  the  installations 
equipped  with  such  regulating  sets,  which  amount  to  about  thirty 
or  more,  and  I  have  some  figures  which  remained  in  my  mind, 
which  may  be  of  interest  to  you.  There  are  some  five  or  six 
1200-h.p.  motors,  6000  volts,  50  cycles,  with  33  per  cent  speed 
reduction,  and  a  maximum  speed  of  about  300  rev.  per  min.,  and 
four  plants,  of  about  900  h.p.,  with  the  same  speed,  and  30  to 
25  per  cent  speed  reduction,  some  of  600  h.p.  with  the  same  per- 
centage of  regulation,  and  some  smaller  ones,  among  them  one  of 
200  h.p 

It  was  mentioned  in  this  discussion  that  the  average  operator 
abroad  is  a  much  more  trained  and  intelligent  man  than  in 
America.  I  really  do  not  know  if  that  is  actually  true,  because 
the  men  I  have  found  watching  these  plants  could  not  be  called 
intelligent  men,  they  mostly  were  old  miners,  they  would  turn 
the  hand  wheels  according  to  their  printed  instructions  and  had 
no  conception  of  what  happened,  but  they  were  apparently  able 
to  operate  these  fans.  I  must  mention  that  all  of  these  fans  were 
so  installed  that  the  operator  had  nothing  else  to  do  than  to 
start  a  normal  induction  motor,  and  the  switching  over  from  the 
starting  resistance  to  the  regulating  set,  was  done  automatically, 
so  that  the  man  had  really  nothing  else  to  do  than  throw  in  the 
main  switch  and  cut  out  the  resistances  of  the  rotor,  and  I  think 
for  this  work  really  there  could  be  employed  rather  unintelligent 
people. 

Moreover  I  saw  some  of  these  fans  running  entirely  alone,  the 
doors  locked,  and  I  think  once  a  day  a  man  came  over  to  see  if 
all  was  right;  so  I  think  in  Europe,  these  equipments  vnth 
regulating  sets  are  apparently  developed  to  such  a  state  that 
they  are  very  Te\\a\A^  tcvslcJcvvcv^^,  -a^^d  I  have  never  heard  of  any 
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complaint  of  their  being  unreliable.  As  far  as  I  could  see  there, 
the  commutation  was  perfectly  correct,  which  is,  of  course,  the 
main  trouble  with  these  commutator  machines. 

From  some  mine  operators  I  got  the  figures  that  they  had  to 
pay  about  three-quarters  of  a  cent  per  kw-hr.  to  the  central 
station,  from  which  they  bought  their  power,  and  that  in  about 
one  year,  the  additional  investment  for  the  regulating  sets  was 
paid  by  the  saving  of  current,  and  since  the  speed  of  these  fans 
has  to  be  reduced,  three,  four,  or  five  years,  they  believed  that 
that  equipment  was  a  very  good  investment. 

Mr.  Sykes  mentioned  another  scheme,  using  a  frequency 
changer,  a  single  auxiliary  machine.  With  the  frequency  changer 
there  were  also  tests  made  in  Europe,  and  as  far  as  I  know  two  of 
them  were  installed;  one  was  a  600-h.p.  fan  motor,  with  33  per 
cent  regulation,  and  as  far  as  I  am  informed  this  scheme  was 
abandoned  becatise  they  could  not  get  the  frequency  changer  to 
commutate  at  the  lower  speeds  and  that  is  my  experience  also, 
that  is,  that  these  frequency  changers  have  entirely  different 
commutation  conditions  from  normal  commutator  machines, 
and  it  seems  to  me  so  far  very  difficult  to  get  satisfactory  com- 
mutation at  least,  at  larger  outputs. 

W.  O.  Oschmann:  The  statement  has  been  made  here 
that  mine  fans  are  usually  put  in  operation  and  then  not  looked 
after  at  all,  until  something  happens.  I  would  not  like  that 
statement  to  be  published  in  the  Proceedings  or  go  into  the 
Transactions,  without  making  a  defense,  for  the  miners  of 
Pennsylvania  in  particular.  I  have  here  a  little  book  containing 
the  Bituminous  Mine  Law  of  the  State  of  Pennsylvania.  It 
plainly  states  that  each  fan  ventilating  a  mine  must  be  pro- 
vided with  a  recording  gage  that  records  the  revolutions  of  the 
fan,  or  the  pressure  entering  into  the  mine  at  all  times,  also  that 
the  fan  must  be  inspected  periodically.  The  provision  is  also 
made  that  in  case  anything  goes  wrong  with  this  fan  it  must  not 
be  stopped,  even  for  repairs,  until  the  mine  foreman  has  been 
notified,  who,  when  he  considers  it  safe,  will  allow  them  to  stop 
that  fan  in  order  to  repair  it.  In  case  the  fan  does  stop,  due 
to  accident  or  otherwise,  they  are  compelled  to  withdraw  the 
miners  from  the  mine  until  the  fan  has  been  made  safe.  For 
that  reason,  a  great  many  companies  have  two  fans,  one  in 
operation  and  one  in  reserve,  so  in  case  anything  goes  wrong 
with  either  fan  they  can  immediately  put  another  fan  into 
operation,  and  there  is  quite  a  stiff  penalty  attached  to  any 
violation  of  this  law. 

B.  M.  Fast:  In  the  territory  I  cover  I  find  that  the  fan 
requirements  vary  from  26  to  60  h.p.,  and  in  no  case  have  I 
found  them  larger.  Up  to  the  present  time,  most  mines  are 
operated  single  shift,  but  since  they  have  been  buying  power  the 
question  has  arisen  of  operating  double  shifts,  and  thereby 
saving  in  cost  of  operation.  That  time  is  coming,  and  even  now 
the  operators  are  talking  of  developing  the  mines  atvd  tvxtss^t^^L 
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double  shift.  During  the  night  shift  only  25  or  less  percentage 
of  the  men  are  underground,  as  in  comparison  with  the  day  shift, 
and  therefore  it  is  not  necessary  to  have  as  much  air  during  the 
night  shift.  The  question  arises:  can  we  not  save  the  operator 
a  certain  amount  of  power  cost  by  a  change  of  speed  of  the  fan? 
If  it  can  be  done,  the  central  station  man  shotdd  have  the  credit 
of  doing  it,  if  it  is  possible,  because  the  operator  is  only  too  glad 
to  save  in  his  cost. 

In  matters  of  this  kind  it  seems  to  me  there  is  only  one  of  two 
things  to  do.  First,  as  to  the  question  of  buying  power  for  a  new 
mine,  I  simply  change  the  pulley  speeds  and  it  solves  the  problem, 
but  for  a  mine  that  has  been  developed  and  wants  to  run  cutters 
or  pump-men  under  ground  at  night,  I  wotdd  rather  have  a  split 
ring  motor,  with  external  resistance,  or  a  two-speed  motor, 
doubling  the  number  of  poles  for  the  lower  speed. 

The  next  question  the  operator  asks  is,  which  of  these  it  is 
more  advisable  to  install  and  operate.  If  the  two-speed  motor 
is  simpler  and  has  fewer  parts  to  get  out  of  order,  and  these  fans 
will  run  without  attention,  they  naturally  prefer  that  motor.  The 
two-speed  motor  may  be  less  complicated,  and  there  may  be  a 
saving  in  power,  as  compared  with  the  variable  speed  motor,  yet 
the  cost  is  very  much  higher. 

The  next  question  I  submitted  to  manufacturers  was  with 
reference  to  variation  in  speed  between  full  speed  and  half 
speed.  The  result  I  found  was  that  there  was  not  5  per  cent 
difference  in  half  speed  operation  on  the  two-speed  and  variable 
speed  fan  motors.  Whether  or  not  the  data  submitted  to  me  by 
these  companies  is  reliable,  I  am  not  in  position  to  say,  but  it 
showed  less  than  5  per  cent  difference  in  the  amount  of  power 
used.  So  that  from  my  experience  the  two-speed  fan  motor  is 
preferable,  rather  than  the  variable  speed,  due  to  the  fact  that 
the  simpler  construction  requires  less  attention.  In  this  par- 
ticular case  it  was  a  40-h.p.  motor,  variable  speed,  requiring  on 
half  speed  of  the  fan  something  like  15  h.p.  The  data  on  the  two- 
speed  fan  showed  that  it  required  15  h.p.  on  half  speed.  It  is 
simply  a  question  of  which  motor  you  want  to  buy  in  that  case. 
It  seems  to  me  that  will  apply  to  the  territory  I  covered. 

H.  L.  Beach:  I  had  occasion  some  four  or  five  years  ago  to 
purchase  a  fan  and  motors  for  a  mine  where  we  were  doing 
developing  work  to  a  considerable  extent.    The  exact  figures  of 
the  amount  of  air  required  have  slipped  my  mind  now,  but  I 
know  that  we  needed  a  total  of  200  h.p.  to  operate  the  fan  at  full 
capacity.    At  the  time  the  fan  was  to  be  installed  they  needed 
possibly  only  one- third  of  that.     My  purchase  consisted  of  two 
squirrel  cage  motors,  manufactured  at  the  same  time,  so  as  to 
get  the  characteristics  identical,  tested  and  guaranteed  to  divide 
the  load  equally  at  the  same  speed.    When  tested  the  motors  were 
fastened  together  with  a  flange  coupling,  and  the  load  driven  by  a 
belt  using  the  coupling  as  a  pulley,  the  load  dividing  within  a 
per  cent  or  so  bet^eexv  \X\e,  V^c>  xw^v^t^,    I  then  set  one  motor 
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on  some  temporary  work  we  had,  and  put  the  other  motor  on 
the  one  fan.  That  motor  has  been  running  something  like  three 
years,  and  they  have  not  had  occasion  yet  to  change  the  pulley. 
The  arrangement  was  that  we  would  make  a  high  pulley  ratio 
to  start  with,  and  as  the  requirements  for  air  increased  they 
would  decrease  the  pulley  ratio  and  speed  up  the  fan.  The  ar- 
rangement has  been  absolutely  satisfactory,  and  has  not  given  a 
moment's  trouble  or  delay  in  any  way,  and  so  far  they  have  all 
the  air  they  want  with  one  motor  and  the  original  pulley  layout. 
It  is  ready  at  any  time  to  put  another  pulley  on.  They  can 
make  one  increase  in  speed  with  the  present  motor,  and  then 
by  releasing  the  other  motor  they  can  increase  the  speed  until 
the  full  capacity  is  obtained.  I  can,  for  my  part,  see  no  reason 
for  the  large  expense  and  complication  of  variable  speed  outfits. 
The  change  in  pulley  is  not  a  proposition  which  comes  up  every 
day,  but  a  proposition  which  may  come  up  only  once  in  two  or 
three  years.  Two  or  three  fans  are  usually  required  for  a  large 
mine  anyway  and  it  is  a  simple  proposition  to  shut  down  one 
or  more  at  night  and  run  all  during  the  day. 

F.  B.  Crosby:  The  discussion  aroused  by  this  paper  would 
appear  to  be  ample  justification  for  its  presentation.  The 
particular  point  about  which  the  discussion  has  chiefly  centered, 
namely,  the  desirability  of  adjustable  speed  drives  for  mine  fans, 
was  taken  for  granted  by  the  writer.  As  stated  in  the  paper  there 
is  a  somewhat  limited  field  in  which  constant  speed  drives  are 
satisfactory,  but  the  very  great  percentage  of  requests  for  adjust- 
able speed  fan  drives  as  compared  with  constant  speed  applica- 
tions which  have  to  come  to  the  writer  in  his  professional  capac- 
ity, as  well  as  the  ready  defence  of  the  adjustable  speed  drive 
by  many  experienced  mine  operators  and  engineers  this  after- 
noon, can  leave  no  doubt  as  to  its  desirability. 

The  method  of  obtaining  speed  control  by  dynamic  regulation 
as  described  has  been  developed  to  meet  an  existing  need.  These 
speed  regulating  sets  and  brush  shifting  motors  are  the  result,  and 
not  the  cause,  of  the  demand  for  adjustable  speed  drives. 
The  entire  range  of  horse  power  capacities  and  speeds  ordinarily 
required  can  be  simply  and  more  efficiently  met  by  one  or  the 
other  of  these  two  equipments  than  by  any  other  commercially 
practicable  drive  yet  devised. 

For  small  drives,  100  h.p.  or  less,  the  extreme  simplidty  of  the 
brush-shifting  motor  and  control  is  especially  desirable  since 
the  single  motor  involved  is  started,  stopped,  reversed  and  the 
speed  controlled  by  merely  shifting  the  brushes. 

It  has  been  suggested  that  the  regulating  set  introduces  a 
complexity  of  control  equipment  prohibitive  in  the  hands  of  the 
average  fan  attendent.  This  feature  has,  I  believe,  been  unduly 
emphasized. 

Considering  the  results  obtained  nothing  can  be  simpler  than 
the  operation  of  the  set.  The  main  motor  is  started  in  the  usual 
manner  by  simply  closing  the  primary  oil  switch  and  throwing 
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the  controller  to  the  full-on  position.  The  motor  generaux*  is 
started  bv  means  of  a  standard  induction  motor  cociDensaior. 
Electrical  eqtiifibrimn  between  the  main  motor  and  motor 
generator  is  absolutely  automatic.  Any  desired  speed  of  the 
main  motor  within  limits  of  design  is  obtained  simply  by  adjust- 
ing the  exciter  field  rheostat. 

Referring  to  Mr.  Eddy's  request  for  information  regarding 
costs,  it  is  difficult  to  answer  such  a  question,  except  in  general 
terms,  owing  to  the  many  variable  factors  involved.  The  cost  is 
obviously  more  than  for  a  single-speed  motor  and  depends  upon 
the  frequency'  and  range  of  speed  required.  For  25-cycle  equip- 
ment designed  to  give  20  per  cent  speed  regulation  on  the  main 
motor,  the  complete  equipment  including  main  motor  and  control 
may  cost  from  15  per  cent  to  20  per  cent  more  than  a  two-speed 
motor  designed  for  the  upper  and  lower  speeds. 
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CENTRAL  STATION  POWER  FOR  MINES 


BY  J.  S.  JENKS 


The  subject  of  this  meeting  covers  such  a  broad  field  that  it 
would  be  folly  to  undertake  to  cover  more  than  a  limited  portion 
of  any  particular  branch ;  hence  I  will  deal  only  with  the  historical 
side  of  the  question  as  it  has  to  do  with  the  development  of  cen- 
tral station  service  in  connection  with  coal  mining  on  the  West 
Penn  system. 

Central  station  power  for  mine  service  has  been  greatly  handi- 
capped by  the  prejudice  of  some  mining  engineers  and  mine  in- 
spectors who  have  actually  fought  the  installation  of  central  station 
power,  stating  that  central  station  service  was  not  as  reliable  as  an 
isolated  plant,  was  more  dangerous  on  account  of  the  high  voltage 
and  more  costly.  They  often  eliminated  all  cost  of  plant  labor 
and  fuel  when  making  comparisons  between  central  station 
service  and  isolated  plants,  arguing  that  the  plant  labor  would 
have  to  be  arotmd  the  mine  at  any  rate,  and  that  the  cost  of  fuel 
was  so  small  to  the  mining  company  that  it  should  not  be  con- 
sidered. 

In  order  to  overcome  these  objections  it  was  necessary  to  prove 
the  reliability  of  central  station  service  and  its  advantages. 
The  objection  of  the  mine  inspectors  was  the  hardest  to  overcome, 
even  after  the  mine  operators  were  convinced  that  central  station 
service  was  more  economical  and  were  in  favor  of  installing  it  the 
mine  inspectors  frequently  prohibited  central  station  service  for 
some  uses  in  and  about  the  mines,  particularly  for  fan  service. 

They  argued  that  transmission  and  distributing  lines,  of  neces- 
sity, made  central  station  service  more  liable  to  accidents  and 
acts  of  God  beyond  the  control  of  man,  contending  that  mine 
ventilation  was  of  such  importance  that  no   mimtv^  cotcl^ax^ 

1007 


1098  JENKS:     CENTRAL  STATION  POWER  [April  18 

should  be  dependent  on  another  corporation  for  its  power  for  fan 
operation.  It  was  only  after  years  of  successful  operation  of  all 
other  classes  of  mine  service  that  we  were  able  to  overcome  this 
prejudice  and  succeed  in  getting  the  mine  inspectors  to  approve 
central  station  service  for  fans,  much  less  recommend  it. 

The  mining  engineer,  and  the  electrical  employees,  opposed 
central  station  service  for  obvious  reasons,  one  ot  which,  fre- 
quently frankly  admitted,  was,  that  with  central  station  service 
they  would  have  no  job.  The  truth  of  the  matter  has  been 
that  central  station  service  has  actually  enlarged  their  field  of 
labor,  as  more  mines  are  being  electrified  every  day  on  account 
of  the  many  advantages  of  central  station  service,  thus  requiring 
the  services  of  an  engineer  and  electricians  to  most  eflBdently 
install  and  operate  central  station  power.  High  grade  engineer- 
ing and  labor  pays  such  great  returns  on  the  investment  that  the 
demand  for  first  class  men  is  continually  increasing.  While 
on  the  other  hand  it  is  an  admitted  fact  that  almost  any  mine 
foreman  or  master  mechanic  cotdd  install  and  operate  a  steam 
drive  or  a  d-c.  isolated  plant,  this  very  frequently  was  a  most  un- 
economical operation,  often  actually  costing  many  times  what 
it  was  supposed  to.  The  lack  of  electrical  engineering  in  the  early 
days  of  central  station  service  was  a  large  factor  in  retarding  its 
growth  as  will  be  shown  by  the  initial  installation  in  this  territory. 

This  first  installation  of  central  station  service  in  a  mine  on  the 
West  Penn  system  was  made  at  the  Larimer  mine  of  the  West- 
moreland Coal  Company  in  1896.  It  consisted  of  a  120-h.p., 
4,000-volt,  single-phase,  133-cycle,  induction  type  synchronous 
motor,  belted  to  100-kw.,  500- volt,  direct-current,  multipolar 
generator.  The  motor  was  excited  by  a  belt-driven  exciter  and 
started  by  a  single-phase,  100-volt  motor  which  actuated 
through  shifting  belts.  The  switchboard  consisted  of  standard 
d-c.  marble  panel  with  ammeter,  voltmeter,  circuit  breaker  and 
switches.  The  a-c.  board  consisted  of  a  wooden  panel  having 
mounted  on  it  a  small  two-pole  oil  switch  for  controlling  the  large 
motor,  a  two-pole  knife  switch  for  the  starting  motor,  pilot  and 
synchronizing  lamps.  This  apparatus  was  located  in  an  imder- 
ground  substation  as  it  was  feared  it  might  be  damaged  by  em- 
ployees during  strike  periods  if  it  were  above  ground. 

In  order  to  supply  this  service  there  was  installed  at  the 
power  house  of  the  Irwin  Electric  Light  &  Power  Company  at 
Manor,  one  150-kw.,  single-phase,  2000-volt,  133-cycle  alternator 
and  125-kw.,  2.7.00  to  ^\00-no\\.>  ^^-^^0^^\x^\sj^<^TK^<^t  for  raising 
the  generalot  voUa^e  \,o  \)cl^  x.T^aa.^TOi's.^ox^  ^bsA  \M>N«t  -^o^jm^. 
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The  line  consisted  of  two  No.  4  instdated  wires  carried  by  glass 
insulators  on  a  two-pin  crossarm  over  private  right-of-way  from 
Manor  to  the  sub-station  located  near  Circleville,  except  through 
the  town  of  Irwin  where  it  was  on  the  street.  The  length  of  this 
line  was  about  5  miles  (8  km.)  A  telephone  line  consisting  of 
duplex  insulated  wire  was  strung  on  a  ridge  pin  on  the  top  of  the 
pole.  The  wire  entrance  to  the  tmderground  substation  was  made 
by  sinking  a  bore  hole  through  which  lead  cables  were  carried  to 
an  undergroimd  ttmnel  which  led  to  the  machine  room.  In  order 
to  protect  the  lead  cable  where  it  entered  the  ground,  a  high  cir- 
cidar  stone  wall  was  built  around  the  bore  hole. 

The  apparatus  supplied  from  this  substation  consisted  of  six 
mining  machines,  a  10  h.p.  pump  and  a  60-h.p.  haulage,  but  no 
fan  service  was  supplied  for  reasons  already  explained. 

The  first  trouble  that  developed  was  the  falling  in  of  the  roof 
of  the  substation,  which  not  only  damaged  the  apparatus,  but 
put  the  mine  out  of  service  for  some  time  until  the  debris  could 
be  removed  and  a  brick  lining  put  in  to  prevent  a  recurrence  of 
similar  trouble.  This  brick  lining  sweated  so  that  it  made  all 
the  apparatus  wet,  which  resulted  in  frequent  biun-outs  of  the 
starting  motor,  which  stood  idle  for  long  periods.  In  order  to 
insure  starting,  duplicate  starting  motors  were  provided  and 
at  times  it  was  a  problem  to  keep  one  in  condition  for  service. 
The  difficidty  of  sweating  was  partially  overcome  by  putting  a 
wooden  lining  inside  the  brickwork. 

The  next  diificidty  arose  from  a  breakdown  in  the  lead  cable 
caused  by  lightning.  This  had  the  effect  of  charging  everything 
in  the  substation.  It  was  overcome  by  removing  the  lead  from 
the  cable  and  supporting  it  on  glass  insulators,  except  where  it 
passed  through  the  bore  hole. 

The  next  weakness  developed  in  the  oil  switch  which  consisted 
of  eight  i  in.  (1.27  cm.)  brass  rods  working  through  small  brass 
bushings,  mounted  on  a  wooden  board  submerged  in  oil.  This 
two-pole  switch  had  eight  breaks  of  about  J  in.  (1.9  cm.)  each 
and  was  contained  in  a  tank  8  by  10  by  9  in.  (20.3  by  25.4  by 
22.8  cm.)  and  operated  by  hand-wheel  and  pinion,  which  worked 
on  a  rack  pulling  the  rods  out  of  the  bushings.  This  made  a 
very  slow  operating  switch  with  which  it  was  very  difficult  to 
synchronize.  After  numerous  interruptions  caused  by  failiu'es 
of  this  switch  a  make-shift  switch  consisting  of  an  ordinary  two- 
pole,  two-break,  knife  switch  on  a  marble  base  was  motmted  on 
insulators  in  the  bottom  of  a  half  barrel.    The  switch  haadle  ^«& 
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removed  and  a  broomstick  tied  to  the  cross-bar  with  a  belt  lace. 
Leads  were  brought  over  the  edge  of  the  barrel  and  connected  to 
the  switch.  The  barrel  was  filled  with  oil.  The  switch  was 
operated  by  pulling  or  pushing  on  the  broomstick.  This  switch 
was  so  much  more  easily  operated  and  such  improvement  was 
made  in  the  time  of  s)mchronizing  that  the  consumer  would  not 
have  it  changed  and  it  remained  in  service  until  the  substation 
was  finally  abandoned  on  account  of  the  mine  being  worked  out. 

The  Irwin  Electric  Light  &  Power  Company  was  acquired  by 
the  West  Penn  interests  and  in  1905  the  133-cycle  power  house 
at  Manor  was  discontinued  and  service  established  from  a  60- 
cyde  turbine  station  at  Connellsville  through  28.52  miles  (45.5 
km.)  of  22,000-volt  transmission  lines  and  a  substation  at  Manor. 
This  necessitated  the  reconstruction  of  the  motors  from  133  to 
60  cycles.  The  work  on  the  large  motor  was  done  in  the  field  and 
the  starting  motors  were  sent  to  the  factory  one  at  a  time.  This 
reconstruction  had  the  effect  of  reducing  the  capacity  of  the 
motors  and  resulted  disastrously  in  the  case  of  the  starting 
motors,  making  it  necessary  to  provide  larger  motors. 

The  next  trouble  to  develop,  was  rather  peculiar  in  that  the 
large  motor  started  to  drop  out  of  step  without  any  apparent 
cause  and  would  drop  out  when  hauling  practically  no  load. 
This  was  a  very  puzzling  circumstance  and  no  amount  of  ad- 
justing by  attendant  seemed  to  remedy  the  trouble.  It  was 
found,  however,  when  the  supply  from  Connellsville  was  gener- 
ated by  a  single  unit  that  this  trouble  was  most  pronounced  and 
later  discovered  that  there  was  a  splice  in  the  belt  between  the  mo- 
tor and  generator  that  caused  little  jerks  which  would  get  in  step 
with  the  governor  mechanism  on  the  turbine,  causing  the  ttwhine 
to  hunt.  This  hunting  was  exaggerated  in  the  motor,  making  it 
drop  out  of  step.  The  remedy  for  this  trouble  consisted  in  direct- 
connecting  the  motor  and  generator,  which  happened  to  be  the 
same  speed.  On  account  of  the  high  voltage  of  the  motor  it  was 
necessary  to  have  the  motor  frame  insulated  and  a  satisfactory 
instdating  coupling  became  the  question.  This  was  solved  by 
turning  the  shafts  end  to  end,  setting  the  pulleys  about  six  inches 
apart,  drilling  and  tapering  the  rim  of  the  pulleys  for  cap  screws 
and  laying  a  piece  of  belt  around  inside  of  both  pulley  rims  and 
securing  it  in  place  with  cap  screws.  This  proved  a  very  satis- 
factory flexible  insulating  coupling,  which  gave  no  trouble  and 
operated  for  a  number  of  years  until  the  mine  was  worked  out. 

Notwithstandm^\)cvb?ft  diSvcv^XMv^'s*  ^\\NisssKc^.ted^  this  installatioa 
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proved  a  very  satisfactory  one  to  the  mining  company,  saving 
them  a  considerable  amount  of  money,  even  though  the  rate 
charged  was  several  times  greater  than  that  charged  for  similar 
service  to-day,  and  it  led  to  many  other  large  installations. 

The  first  mine  where  West  Penn  service  was  used  for  fan  oper- 
ation was  at  the  Penn  Gas  Coal  Company's  mine  near  Penn  Sta- 
tion, and  consisted  of  a  100-h.p.,  500-volt  d-c.  motor,  belted  to  the 
fan.  This  was  installed  about  1901  when  the  mine  was  completely 
electrified  with  direct  ciurent.  The  installation  consisted  of 
ntmierous  piunps,  mine  machinery  and  a  large  haulage.  The  fan 
operated  until  1907  when  this  motor  was  replaced  by  a  200-h.p. 
a-c.  two-phase,  60-cycle  motor.  This  installation,  which  origi- 
nally consisted  of  about  500  h.p.,  has  been  increased  from  time  to 
time  until  it  now  has  about  1250  h.  p.  in  electric  motors. 

In  1907  our  first  high-tension  installation  was  made  at  a  coal 
mine.  This  was  made  at  the  Noami  Mine  of  the  United  Coal 
Company  near  Fayette  City.  In  this  case  the  Coal. Company 
built  its  own  substation  and  bought  cturent  at  22,000  volts  in- 
stalling three  200-kw.  22,000  to  440-volt  transformers,  one 
300-  and  one  150-kw.  synchronous  motor-generator  sets,  one 
150-h.p.  a-c.  haulage,  100-h.p.  chain  lift,  two  75-h.p.  fan  motors, 
a-c.  pimfips  and  numerous  haulage  locomotives  and  mining 
machines.  This  installation  was  of  particular  interest  as  it  was 
the  first  one  where  engineering  had  very  careful  consideration 
and  was  our  first  a-c.  haulage. 

Another  very  prominent  example  of  a  coal  mine  installation 
where  the  most  minute  detail  was  worked  out  by  the  engineers 
in  charge  with  the  idea  of  producing  the  most  efficient  results  is 
illustrated  by  the  Keystone  Coal  Company's  installation  at  its 
Crows  Nest  substation.  Here  1500  h.p.  is  delivered  at  2300 
volts  from  22,000-volt  transformers  installed  in  the  substation, 
together  with  the  necessary  switches  and  lightning  protection. 
This  installation  consists  of  750  h.p.,  a-c.  haulage,  two  300-kw. 
synchronous  motor-generator  sets,  two  150-h.p.,  a-c.  pumps  and 
innumerable  locomotives,  mining  machines  and  small  motors. 

While  the  growth  of  central  station  service  was  very  slow 
at  first,  it  is  now  growing  very  fast,  and  from  the  origi- 
nal installation  in  1896  of  120  h.p.  we  have  steadily 
added  all  kinds  of  mine  installations  until  at  the  present 
time  we  have  in  operation  76  coal  mines  consisting  of  14,831  h.p. 
and  have  contracts  with  10  companies  which  aggregate  5,701  h.p 
which  is  being  installed  as  rapidly  as  possible.    This  wiUmakfto. 
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total  of  20,532  h.p.  In  addition  to  this  we  are  at  the  present 
time  figuring  with  a  number  of  coal  companies  and  have  every 
reason  to  believe  that  in  a  short  time  we  will  have  under  contract 
more  than  10,000  h.p.  additional,  which  will  increase  our  total  to 
over  30,000  h.p.  in  coal  mine  service  only. 


A  pap»  prtsnUd  at  the  PUtsburgh  MeHint  of 
Uu  Anurican  InstUutt  of  BUctrical  Bnginemrs, 
Pittsbnrgk,  Pa.,  AprU  18. 1018. 

Copyright  1913.     By  A.I.E.B. 


CHARACTERISTICS  OF  SUBSTATION  LOADS  AT  THE 
ANTHRACITE  COLLIERIES  OF  THE  LACKAWANNA 

R.R.  CO. 


BY  H.   M.   WARREN  AND  A.   S.   BIESECKER 


In  view  of  the  fact  that  practically  no  data  of  this  nature  are 
available  and  as  the  Lackawanna  Railroad  Company  has  a  large 
number  of  substations  to  which  the  rated  connected  loads  widely 
differ,  the  writers  were  led  to  conduct  a  series  of  tests,  the  result 
of  which  form  the  basis  of  this  paper. 

Tests  were  made  on  15  substations  ranging  in  size  from  150  to 
700  kw.  The  apparatus  in  these  stations  consists  of  60-cycle, 
six-phase  diametrically  connected  synchronous  converters  deliver- 
ing direct  current  at  275  volts,  step-down  transformers  of  either 
the  single  or  three  phase  type,  and  the  necessary  a-c.  and  d-c. 
switching  apparatus.  These  substations  are  usually  located  on 
the  surface  at  the  colliery,  and  the  three-phase  high-tension 
power  is  furnished  from  central  stations. 

The  power  apparatus  driven  from  the  substations  consists  of 
locomotives,  hoists,  pumps,  and  under-cutting  machines.  The 
locomotives  vary  in  size  from  7  to  13  tons  and  are  usually  geared 
to  operate  at  a  speed  of  from  six  to  eight  miles  (9.6  to  12.8  km.) 
per  hour  at  full  load.  Although  the  locomotive  weights  vary, 
about  80  per  cent  of  the  total  number  weigh  seven  tons  or  less. 
All  of  the  locomotives  have  double  motor  equipments  with  series- 
parallel  controllers.  The  motor  equipments  average  about  10 
h.p.  (railway  rating)  per  ton  of  locomotive  weight.  The  d-c. 
hoists  operate  on  either  slopes  or  planes  and  vary  in  size  from  20 
to  160  h.p.  As  most  of  the  large  pumps  are  driven  by  a-c.  motors, 
the  d-c.  pumping  sets  are  usually  small  in  size  and  operate 
intermittently.    The  power  required  foT  utvdetcvitMvcv^^  tcv'a.^vcvsab 
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is  at  present  comparatively  small.  It  is,  therefore,  important 
to  note  that  about  75  per  cent  of  all  d-c.  power  supplied  from 
these  substations  is  used  by  locomotives  and  that  80  per  cent  of  all 
locomotives  are  rated  at  70  h.p.  or  less. 

The  tests  on  these  substations  were  conducted  as  follows: 
In  order  to  obtain  accurate  readings,  an  a-c.  single-phase  watt- 
hour  meter  with  high  geared  dials  was  obtained.  This  was  con- 
nected in  one  phase  of  the  a-c.  end  of  the  synchronous  converter 
and  readings  taken  every  half  hour.  A  record  of  the  peaks  was 
obtained  by  connecting  a  graphic  ammeter  which  was  geared  to 
give  a  paper  speed  of  7J  in.  (18.8  cm.)  per  minute  in  the  d-c. 
ade  of  the  converter.  A  note  was  also  made  of  the  machines 
operating  in  the  mine  at  the  time  of  the  tests. 


The  rated  connected  loads  were  based  on  the  following  motor 
ratiiigs: 

Eltictric  locomotive — 10  h.p.  per  ton. 

Hoist  motors  (railway  type)  — one  hour  rating. 

Pumps — Name  plate — continuous  rating. 

Undercutting  machines — one  hour  rating. 
The  total  of  these  horse-power  ratings  was  reduced  to  kilowatts 
in  determining  the  kilowatts  rating  of  the  total  connected  load. 
After  the  above  test  data  were  obtained,  a  tabulation  was  made 
showing  the  maximum  peaks  for  15  seconds,  one  minute,  five 
minutes,  and  one  hour;  the  average  load  for  a  ten-hour  day;  the 
kilowatt-hours  per  month,  and  the  rated  connected  kilowatt 
load  for  each  substation.  In  working  up  these  data,  the  15- 
second,  and  also  ttw  ciiw.-mv4.  ?i.ife--cKn»i.'u6  v^»Sc&  w< 
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on  the  graphic  ammeter  paper  as  block  peaks,  while  the  one  hour 
peaks  were  taken  from  the  watt-hour  meter  readings  and  are, 
therefore,  the  integrated  peaks.  However,  after  determining 
the  d-c.  peaks,  an  amount  equivalent  to  the  synchronous  con- 
verter losses  was  added,  so  that  all  tabulations  were  made  on 
the  converter  input  basis. 

From  the  tabulations,  a  set  ot  curves  was  then  plotted  as  shown 
in  Fig.  2.  On  this  chart  the  abscissa  represents  the  rated  con- 
nected load  in  kilowatts.  The  lower  curve  representing  the 
kilowatt-hour  per  month  is  read  on  the  right  hand  margin,  while 
other  curves  are  read  in  kilowatt  on  the  left  hand  margin.  From 
this  chart  other  curves  and  factors  were  derived  which  will  be 
disciissed  later. 
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Pig.  2 — Substation  Loads  akd  Peaks 


From  the  above,  we  have  been  able  to  make  some  interesting 
deductions  regarding  diversity  factors  and  load  factors.  Diver- 
sity factor  has  been  defined  as  the  ratio  of  the  sum  of  the  maxima 
of  the  subdivisions  of  any  part  of  the  system  to  the  coincident 
maximum  demand  observed  at  the  point  of  supply.  For  the 
present  we  will,  therefore,  consider  the  siibdivisions  as  loads 
taken  by  the  individual  locomotive,  hoist,  etc.,  and  the  point  of 
supply  as  the  a-c,  side  of  the  converters.  In  order  to  illustrate 
how  the  diversity  factor  increases  from  unity  to  higher  values  as 
the  number  of  units  and  consequently  the  rated  connected  load 
is  increased,  we  have  shown  in  Figs.  3  and  4,  sections  of  graphic 
•mmeter  charts  taken  at  different  substations.    Fi^.  %  ?.\«w«.X^ 
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load  on  a  small  substation  to  which  the  rated  connected  load  was 
only  465  kw.,  while  Fig.  4  shows  a  similar  curve  for  a  substation 
to  which  the  rated  connected  load  was  1720  kw.  From  tests 
made  on  a  seven-ton  locomotive,  rated  at  70  h.p.  or  52.5  kw.,  we 
find  that  the  maximum  continuous  peaks  in  per  cent  of  its  rating 
for  15  seconds,  one  minute  and  five  minutes,  are  180,  100,   and 


Rated  Connected 


Load,  465  kw.  Voltage,  275 


60  respectively.  Based  on  the  above  as  peaks  for  a  single  unit 
the  diversity  factor  for  15  seconds,  one  minute,  and  five  minutes 
for  various  rated  connected  loads,  are  as  shown  in  Fig.  5, 

Load  factor  is  usually  defined  as  the  ratio  of  the  averf^e  load 
for  a  certain  period  to  the  rating  of  the  substation.  However, 
as  the  load  factors  on  the  substations  are  not  considered  in  this 


paper,  we  have  expressed  all  load  factors  as  the  ratio  of  the  aver- 
age loads  on  the  substations  to  the  rated  connected  loads.  By 
so  doing,  any  data  contained  in  the  paper  become  applicable  to 
other  similar  installations. 

Fig.  6  shows  a  IQ-hour  load  curve  taken  on  one  of  the  largest 
substations.    T\u?.  WX'^^'^^'^^'^'^'^*-^'^'^^'^^^'^"^*^'^'^:^**^  read- 
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ings  taken  every  half  hour.  It  will  be  noted  that  it  has  about 
the  same  characteristics  as  are  generally  found  in  shops  or  fac- 
tories where  the  consumption  of  power  depends  on  the  activity 
of  the  employees  operating  the  machines.  However,  there  is  a  low 
point  in  this  curve  which  occurs  about  nine  o'clock.    This  is  due 
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to  the  fact  that  there  is  a  certain  amount  of  coal  mined  and  loaded 
during  the  night  which  is  ready  for  the  locomotive  crews  at  seven 
o'clock  in  the  morning.  After  this  night  coal  is  pulled  out,  the 
crews  ease  up  for  a  while  and  take  a  morning  lunch.    During  this 
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6 — A  TvPiCAL  Substation  Load 


time,  the  day  miners  have  been  loading  coal  which  keeps  the 
locomotives  busy  until  about  11  ;30  when  the  load  begins  to  drop 
again.  The  substation  on  which  the  above  curve  was  taken  had 
a  rated  connected  load  of  1720  kw.  which  consisted  of  eight  10- 
ton,  and  20  7-ton  locomotives,  and  a  small  hoist.    The  aveta^* 
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ten  hour  load  factor  was  24.6  per  cent  whereas  the  average  for 
all  substations  was  24  per  cent.  The  following  tabulations  give 
the  load  factors  for  various  lengths  of  time  for  this  largest  station 
and  the  average  of  fifteen  stations  tested: 


Station 

Largest 

Average 

% 

% 

1  Hour 

29 

32 

8       « 

26 

25.5 

10       « 

24.6 

24 

24       « 

14 

12.5 

Annual  250  days 

9.6 

8.6 

(Night)   14  hours 

6.6 

6.2 

The  24-hour  load  factors  give  the  average  loads  during  a 
twenty-four  hour  working  day  and  this  might  be  considered  as 
the  annual  load  factor.  However,  as  the  average  mine  is  not 
operated  over  250  days  during  the  year,  the  load  factor  on  this 
basis  for  all  stations  tested  is  8.6  per  cent.  It  is  interesting  to 
note  that  the  ratio  of  the  power  used  during  the  ten  hour  working 
day  to  the  total  used  during  the  24  hoiurs  was  73  per  cent  on  the 
largest  station  and  79  per  cent  was  the  average  for  all  stations. 
The  average  H-hotu*  night  load  is,  therefore,  6.2  per  cent  of  the 
rated  connected  load. 

In  the  application  of  data  obtained  from  these  tests,  it  will 
be  noted  that  the  peaks  call  for  substation  apparatus  designed 
to  carry  and  commutate  high  overloads  and  that  the  annual 
load  factors  are  very  low.  Regardless  of  the  question  of  taking 
care  of  the  peaks,  we  find  that  the  load  increases  so  rapidly,  due 
to  new  apparatus  being  installed,  that  it  does  not  always  pay  to 
figure  closely  when  deciding  on  the  size  of  a  substation.  Some  of 
the  first  stations  installed  for  this  work  had  150-kw.  and  200-kw. 
converters.  These  have  been  transferred  until  now  it  is  difficult 
to  find  a  mine  where  the  load  is  not  too  heavy  for  them. 

We  would,  therefore,  not  recommend  a  converter  smaller 
than  200  kw.  and  in  case  there  is  a  probability  of  the  load  grooving 
rapidly,  a  300  kw.  imit  will  be  cheaper  eventually.  There  are 
certain  conditions  where  motor-generator  sets  work  out  more 
advantageously  even  though  the  initial  cost  may  be  much  higher. 
Let  us  assume  a  condition  where  the  substation  is  to  be  located 
near  an  a-c.  motor-driven  coal  breaker,  both  of  which  are  to  be 
fed  from  a  central  station  over  a  transmission  line.  The  breaker 
motors  will  pull  a  load  on  which  the  power  factor  will  be  poor  and 
this  load  to&etYvet  m\ic\.\}tvaVo\%\lTw^^\\d'^u^        load  will  be  so 
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large  in  comparison  to  the  substation  load  that  the  small  amount 
of  leading  current  obtainable  from  a  converter,  will  not  compen- 
sate for  the  lagging  current  taken  by  the  induction  motors. 
The  above  will  result  in  poor  voltage  regulation  on  transformers 
and  transmission  line,  and  the  attending  bad  effects  due  to  poor 
power  factors  on  a  central  station.  If  instead  of  using  a  converter 
we  install  a  synchronous  motor-generator  set  with  interpoles 
on  the  generator  and  a  motor  having  aerating  30  to  40  per  cent 
in  excess  of  the  generator,  we  are  in  a  position  to  correct  the  power 
factor,  and  better  both  the  d-c.  and  a-c.  voltage  regulation. 
Where  it  is  necessary  to  transform  to  a  lower  voltage  for  the 
synchronous  motor,  it  will  often  be  possible  to  wind  the  breaker 
motors  and  sjmchronous  motor  on  the  set  for  the  same  voltage 
and  feed  them  from  one  bank  of  transformers.  By  combining 
the  leading  current  with  the  lagging  on  the  low-tension  side  of 
one  bank,  the  Idlowatt-ampere  rating  is  very  much  reduced  from 
that  required  for  separate  transformers.  There  is  also  a  decrease 
in  the  cost  per  kilowatt-ampere  due  to  the  units  being  larger. 
While  the  data  obtained  from  this  investigation  will  probably 
not  be  of  any  particular  value  except  for  use  in  connection  with 
electrical  installations  in  anthradte  mines,  it  is  believed  that  on 
account  of  the  nimiber  of  stations  tested  that  the  data  will,  at 
least,  be  of  great  assistance  in  determining  power  requirements  for 
anthracite  mining  installations. 
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Discussion  on  "Central  Station  Power  for  Mines"  (Jenks) 
AND  "Characteristics  op  Substation  Loads  at  the  Anth- 
racite Collieries  op  the  D.L.  &  W.  Ry.  Co.  "  (Warren  and 
Biesecker),  Pittsburgh,  Pa.,  April  18,  1913. 

Graham  Bri^t:  Mr.  Jenks  has  given  us  some  ver>'  interest- 
ing historical  matter.  In  the  first  part  of  his  paper  he  mentions 
the  early  prejudice  of  the  operators  in  regard  to  the  purchase 
of  central  station  power.  I  think  this  early  prejudice  was 
justifiable,  when  we  consider  that  central  stations  had  not  made 
any  records  for  themselves,  and  the  operator  had  no  way  of  telling 
what  the  continuity  of  service  was  going  to  be.  As  we  know,  in 
any  new  industry  the  pioneer  usually  stands  the  cost  of  develop- 
ment while  those  who  follow  reap  the  benefits,  and  you  can  hardly 
blame  those  early  operators  for  having  a  prejudice  against  tl» 
use  of  central  station  power. 

I  think  a  great  deal  of  credit  is  due  to  the  operating  forces  of 
the  central  stations  in  bringing  the  continuity  of  service  to  such 
a  high  degree  of  efficiency.  We  have  records  of  long  periods  of 
operation  with  little  or  no  delays,  and  records  made  by  such  com- 
panies as  the  West  Penn  Railways  Co.  have  given  to  operators 
confidence  in  central  station  power,  and  have  made  the  sale  of 
such  power  a  much  easier  matter  than  formerly. 

There  is  one  point  I  would  like  to  bring  out  in  connection  with 
the  paper  by  Messrs.  Warren  and  Biesecker  which  has  given  us 
a  great  deal  of  valuable  information  on  actual  mine  conditions, 
and  that  is,  referring  to  Figs.  1  and  2,  you  will  notice  that  the 
five-minute  peak  is  considerably  smaller  than  the  integrated 
average  for  10  hours.  That  brings  up  the  point  of  just  what  kind 
of  a  peak  to  use  on  which  to  determine  the  fixed  charge.  This 
illustrates  the  fact  that  the  block  peak  is  not  the  proper  one  on 
which  to  base  the  fipced  charge,  because  here  is  a  case  in  which  the 
block  peak  is  considerably  less  than  the  average  for  10  hours. 
You  can  sec  it  is  not  a  square  deal  to  the  central  station  to  use  a 
peak  load  which  is  less  than  the  average  10-hour  load  as  a  basis 
for  the  fixed  charge.  It  should  be  the  integrated  peak  rather 
than  block  peak,  and  these  two  curves  illustrate  that  particular 
point  very  stron^^ly.  In  fact  a  power  circuit  can  be  so  manipu- 
lated that  there  will  be  little  or  no  block  peaks  at  all. 

W.  A.  Thomas:  Various  statements  of  load  factor,  and  par- 
ticularly those  brought  out  in  the  paper  by  Messrs.  Warren  and 
Biesecker,  show  the  necessity  of  coming  to  a  common  basis  in 
determining  the  expression  of  load  factor.  This  is  perfectly 
correct  as  explained  by  Mr.  Warren,  but  unless  you  give  a  good 
deal  of  thought  in  transposing  from  one  statement  to  another, 
we  are  led  to  confusion.  In  this  case  we  have  not  only  the  load 
factor  stated  in  terms  of  the  average  demand  to  the  connected 
load,  but  we  have  the  connected  load  rated  on  both  constant  and 
intermittent  basis,  and  while,  as  I  said  before,  it  is  perfectly  legit- 
imate and  correct,  we  ought,  in  using  it,  to  get  to  a  common  basis 
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of  understanding.  Of  course,  one  statement  of  load  factor  is  the 
ratio  of  the  average  consiunption  to  the  capacity  of  the  sub- 
station. Another  one  is  that  which  Mr.  Bright  touched  on,  the 
ratio  of  the  average  load  to  a  given  peak,  five  minutes  integrated 
peak,  or  15  minutes  integrated  peak.  The  point  I  wish  to  lay 
particular  stress  upon  is  the  desirability  of  coming  to  a  common 
basis  for  determining  load  factor  and  reducing  the  amount  of 
labor  necessary  to  transpose  from  one  to  another.  I  do  not  mean 
this  as  a  criticism  of  the  paper  in  any  way.  I  consider  that  the 
data  which  is  submitted  in  this  paper  is  a  most  valuable  contri- 
bution to  the  art,  and  one  which  will  be  of  extreme  value  in  this 
very  active  campaign  on  the  part  of  the  operators  of  central 
power  stations  in  the  coal  mining  regions. 

J,  Paul  Clajrton:  The  characteristics  of  coal  mine  loads  as 
shown  by  this  paper  are  extremely  low  annual  load  factors. 
The  annual  load  factor  controls  almost  directly  the  cost  of  pro- 
ducing power  in  any  plant,  such  as  the  installation  imder  dis- 
cussion, and  further  to  illustrate  this  point  I  have  recomputed 
the  cost  presented  in  Mr.  Beers'  paper  presented  this  morning, 
on  the  basis  of  lower  annual  load  factors  as  they  actually  occur 
in  these  mines.  In  Mr.  Beers'  paper  of  this  morning,  the  total 
cost  of  producing  power  in  a  station  of  1000-kw.  capacity, 
operating  at  50  per  cent  load  factor,  was  given  as  $35,000  on 
an  annual  output  of  4,380,000  kw-hr.  or  a  total  cost  of  eight 
mills  per  kw-hr.  Reducing  this  cost  to  the  basis  of  a  20  per 
cent,  annual  load  factor,  which  is  rather  high  for  mines  with 
which  I  am  familiar  in  Illinois,  we  have  a  total  cost  of  $31,200 
(about  the  only  difference  in  the  cost  being  the  item  of  coal) 
and  the  total  cost  works  out  at  1.8  cents  per  kw-hr.  Reducing 
this  load  factor  further  to  15  per  cent,  the  cost  of  operation  is 
reduced  from  $35,000  at  50  per  cent  load  factor  to  $30,630,  at 
16  per  cent  load  factor,  or  a  total  cost  per  kw-hr.  of  2.4  cents. 

In  the  operation  of  such  a  station  for  Illinois  mine  conditions, 
serving  only  one  mine,  on  one  shift  per  day  operation,  200  days 
per  year,  you  could  not  secure  an  annual  load  factor  of  20  per 
cent.  The  load  factor  as  I  am  using  it,  is  the  actual  energy 
consumption  in  a  year  divided  by  the  energy  consumption  which 
would  have  taken  place  had  the  actual  15-minute  annual  maxi- 
mum demand  basis  been  carried  on  throughout  the  year. 
This  analysis  shows  that  the  probable  cost  of  energy  for  the 
installation  of  the  plant  cited,  when  used  under  the  conditions 
obtaining  in  the  paper  or  under  conditions  obtaining  in  the 
bitiuninous  mines  of  Illinois,  would  be  in  excess  of  two  cents 
per  kw-hr.  instead  of  8  mills  per  kw-hr.  It  would  be  perfectly 
possible  to  make  power  in  that  same  station  for  about  6  mills 
per  kw-hr.  if  you  could  obtain  a  100  per  cent  load  factor,  but 
I  believe  the  publication  of  such  costs  without  adequate  ex- 
planation of  the  effect  of  load  factor  on  them  gives  a  wrong 
impression  as  to  the  cost  of  producing  power  under  the  con- 
ditions obtaining  in  the  vast  majority  of  all  coal  mines. 
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George  R,  Wood:  I  think  it  important  that  we  cx>me  to  a 
better  understanding  of  what  wc  mean  by  the  term  load  factor. 
In  the  course  of  this  meeting  we  have  had  three  or  four  vari- 
eties of  this  factor,  based  on  connected  load,  station  capacity,  in- 
stantaneous, one  minute  and  15  minute  integrated  peak,  etc.  In 
other  words,  every  central  station  figures  customers'  load  factor 
as  the  ratio  of  average  load  to  maximxmi  demand,  as  defined 
by  contract.  It  seems  to  me  probable  that  an  integrated 
peak  over  some  such  period  as  five,  ten  or  fifteen  minutes  will 
ultimately  become  standard  for  determining  maximum  demand, 
but  in  the  meantime  a  definition  should  accompany  reference  to 
"load  factor.*' 

H.  M.  Warren:  If  the  gentleman  who  just  spoke,  contem- 
plates using  the  figures  I  quote,  as  a  basis  of  the  kw-hr.  cost,  he 
should  bear  in  mind  that  the  information  in  the  paper  refers  only 
to  the  direct  ctirrent  used  in  the  mines  in  question,  and  that  the 
large  amoimt  of  alternating  current  power  used,  has  not  been  con- 
sidered. The  load  factor  of  our  central  station  is  65  per  cent, 
and  is  figured  on  the  average  yearly  load  in  kilowatts  compared 
to  the  rating  of  the  station. 

George  H.  Morse:  It  would  be  interesting  to  know  how  the 
gentlemen  who  made  the  calctdations  on  their  load  factors  pro- 
ceeded in  making  these  calculations.  I  think  there  are  various 
ways  in  which  individuals  would  proceed,  and  if  Mr.  Clayton 
would  care  to  state  how  he  made  his  calctdations,  I  think  we 
would  be  much  interested  in  hearing  from  him. 

J.  Paul  Clayton:  As  to  the  basis  of  the  costs  of  power,  I 
took  the  cost  as  given  on  page  1038  of  Mr.  Beers'  paper  and 
assumed  that,  for  practical  purposes,  the  fixed  charges  remained 
exactly  as  given,  and  I  think  that  is  approximately  true  and 
that  the  item  of  coal,  easily  the  largest  single  item,  varied  with 
the  load  factor.  If  we  reduce  the  load  factor  from  50  per  cent 
to  25  per  cent,  the  coal  consumption  will  be  something  more 
than  half  the  coal  consumption  at  the  high  load  factor,  as  it 
does  not  fall  off  in  proportion  because  the  efficiency  of  boilers 
and  turbines  would  be  less. 

In  computing  the  cost  given  in  my  previous  discussion  I 
assumed  that  the  coal  consumption  at  20  per  cent  load  factor 
was  half  that  at  50  per  cent  load  factor  and  in  obtaining  the 
load  factor  at  15  per  cent  I  have  assumed  that  the  coal  con- 
sumed at  the  20  per  cent  load  factor  was  reduced  by  15 
per  cent,  and  that  the  other  items  in  the  operating  cost  would 
be   approximately   the   same. 

C.  W.  PenDell:  The  item  of  load  factor,  as  the  Chair  has  said, 
is  one  that  we  should  have  a  definite  idea  upon.  It  is  something 
that  shotdd  be  settled  and  defined,  and  not  a  thing  that  one  engi- 
neer shotdd  have  a  rtde  for  talking  on,  in  one  line,  and  another  en- 
gineer have  another  rule  for  talking  on,  in  another  line.  If  I 
design  a  plant  to  operate  a  mine  and  put  in  1000  kw.,  and  another 
man  puts  m  500  \iw . ,  \.Vv^.\.  ^Vvovxld  wot  affect  the  load  factor.    The 
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consumption  of  the  two  plants  will  be  the  same.  The  load  factor 
on  the  1,000-kw.  plant  would  be  one-half  what  the  load  factor 
would  be  on  the  500-kw.  plant,  if  you  base  your  load  factor  upon 
the  size  of  the  plant.  Load  factor  is  something  definite,  not 
something  ethereal.  It  is  the  relation  between  the  average  load 
24  hours  a  day  and  the  maximum  demand.  You  may  take  the 
maximum  demand  for  five  minutes,  or  you  may  take  it  for  an 
hour,  according  to  the  way  your  contract  reads.  Whether  you 
take  a  five-minute  peak  or  a  30-minute  peak,  will  probably  make 
about  15  per  cent  difference  in  your  load  factor;  that  is,  a  load 
factor  of  40  per  cent  on  a  30-minute  basis  would  be  equivalent 
to  "0.85  times  40  per  cent  on  a  five-minute  basis.  Load  factor  on 
a  five-minute  basis  will  be  lower  than  on  the  30-minute  basis, 
because  the  maximum  for  30  minutes  will  not  be  as  high  as  the 
maximimi  for  five  minutes.  Many  base  load  factor  on  the  opera- 
ting time  for  the  mine.  According  to  the  central  station  idea, 
and  I  am  a  central  station  man,  the  load  factor  should  go  over  the 
whole  24-hour  period.  The  reason  for  that  is;  supposing  we 
have  a  plant  which  has  100  h.p.  maximum  demand,  the  average 
running  load  is  50  h.p.  and  the  running  time  is  10  hours  per  day. 
If  you  base  the  load  factor  upon  the  hotirs  during  which  the  plant 
is  running,  you  get  a  50  per  cent  load  factor.  If  the  plant  runs 
20  hours  per  day,  with  an  average  load  of  50  h.p.,  and  you  base 
your  load  factor  upon  the  running  hotirs,  you  still  have  a  50  per 
cent  load  factor.  Under  this  method  you  have  nothing  on  which 
to  base  a  comparison  of  one  plant  as  against  another;  so  that  in 
the  central  station  field  we  have  adopted  the  general  ruling  that 
load  factor  is  the  ratio  of  the  kw-hr.  consumption  divided  by 
the  total  number  of  hours  in  the  period  under  consideration,  and 
that  result  divided  by  the  maximimfi  demand  as  determined  by 
the  contract.  To  base  the  load  factor  upon  the  size  of  the  in- 
stallation is,  according  to  my  idea,  erroneous.  I  may  come  along 
and  install  a  plant  with  a  1000-h.p.  unit — I  do  not  know  the 
business  perhaps — I  put  1000  h.p.  in  the  plant  to  be  safe ;  another 
man  comes  along  who  knows  the  industry,  and  puts  in  a  500-h.p, 
plant — ^why  should  the  load  factor  of  that  plant,  which  isa concrete 
item,  be  dependent  upon  whether  I  know  that  line  of  industry,  or 
whether  I  do  not  know  it?  Load  factor  is  something  which  we 
can  see  if  we  stop  to  consider  the  curve.  You  have  a  certain  curve 
running  along  with  certain  peaks  in  it;  there  is  your  load  factor. 
It  is  the  relation  of  the  average  line  across  the  chart  to  the  high 
point  that  constitutes  the  peak. 

Graham  Bright:  I  ask  Mr.  PenDell  whether  he  has  reference 
to  the  integrated  peak  or  the  block  peak. 

C,  W.  PenDell :  The  integrated  peak  is  the  only  proper  peak. 
Some  contracts  on  railway  lines,  where  the  load  fluctuates 
seriously,  are  based  upon  the  highest  instantaneous  demand.  It 
all  depends  upon  the  capacity  of  the  station  furnishing  the  load 
and  the  class  of  business  you  are  serving. 

I  was  talking  with  Mr.  Jenks  a  few  minutes  ago  relative  to 
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mine  hoists.  He  showed  us  a  picture  of  a  750-h.p.  haulage  sys- 
tem. In  Illinois  we  have  mine  hoisting  outfits  from  400  h.p.  to 
1800  h.p.  We  have  not  felt  that  we  could  take  these  hoists 
directly  onto  outlines,  and  have  asked  the  customers  to  interpose 
flywheel  motor-generator  sets  between  the  hoists  and  our  Imes. 
Now,  with  the  flywheel  motor-generator  set  .we  would  integrate 
our  peak.  If  we  felt,  perhaps,  that  we  could  stand  the  load  di- 
rectly on  the  line,  we  might  give  these  parties  contracts  stipula- 
ting that  the  peak  should  be  the  highest  swing  of  the  needle  on 
the  chart.  The  integrated  peak  has  been  adopted  in  probably 
90  per  cent  of  all  maximum  demand  contracts  for  central  station 
companies.  There  are  four  common  dvu"ations  of  peak,  5  minutes, 
15  minutes,  30  minutes  and  one  hour.  Five-minute  peaks  have 
been  adopted  through  the  central  states  for  coal  mines  and  large 
stone  quarries.  Fifteen-minute  peaks  have  been  adopted  by 
some  companies  for  that  class  of  business.  General  power  is 
now  being  taken  on  over  a  great  part  of  the  country  on  30-minute 
peaks.  Railway  contracts,  large  interurban  systems,  are  going 
on  commonly  with  60-minute  peaks.  In  addition  to  having  the 
single  5-minute,  15-minute,  30-minute  or  60-minute  peaks,  con- 
tracts are  made  wherein  the  maximum  is  based  upon  three  5- 
minute,  15-minute,  30-minute  or  60-minute  periods,  no  two  of 
which  periods  shall  be  taken  on  the  same  day.  That  will,  of 
covu"se,  give  a  lower  maximum  demand  than  a  single  peak. 

George  R.  Wood:  Perhaps  we  have  no  right  to  be  surprised 
when  the  coal  operator  doubts  our  figtu'es  showing  w^hat  he 
will  get  under  these  various  rate  schemes,  and  I  cannot  much 
blame  the  operators  for  refusing  to  buy  power  except  at  so 
many  cents  per  ton  of  coal  produced,  and,  indeed,  power  has 
been  contracted  for  on  that  basis. 

P.  M.  Lincoln:  Reference  has  been  made  to  5-minute,  15- 
minute,  30-minute  and  60-minute  peaks.  On  the  lines  of  the 
Niagara,  Lockport  and  Ontario  Power  Company,  which  distri- 
butes power  from  Niagara  Falls  through  Central  New  York,  they 
have  adopted  the  one-minute  peak.  I  am  inclined  to  think  that 
for  certain  kinds  of  service  measuring  the  current  on  a  one-minute 
peak  is  more  equitable  than  measuring  it  on  any  of  the  longer 
periods. 

I  want  to  say  something  about  this  matter  of  load  factor.  The 
writer  of  the  last  paper  definitely  told  us  exactly  what  he  means 
by  load  factor,  so  that  when  we  study  his  paper  we  have  right 
before  us  what  he  means  by  the  term  **load  factor,''  as  he  uses  it. 
He  is  much  more  considerate  in  that  regard  than  many  other 
writers,  because  many  writers  use  the  term  **load  factor,"  and 
do  not  give  data  by  which  one  can  tell  what  they  are  talking 
about.  Load  factor,  I  believe,  should  be  taken  as  the  function 
of  the  load,  and  as  having  nothing  to  do  with  the  size  of  the  plant; 
in  other  words,  I  believe  the  definition  of  load  factor  as  given  ns 
in  the  paper  by  Warren  and  Biesecker  is  not  the  proper  basis  for 
true  load  factor.     I  believe  the  proper  basis  for  load  factor  is  the 
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ratio  of  the  average  kilowatts  during  a  given  time  to  the  kilo- 
watts integrated  through  some  definite  shorter  period;  that  may 
be  one  minute,  5  minutes,  10  minutes,  15  minutes,  or  any  other 
period  of  time.  It  is  the  average  for  the  whole  length  of  time 
to  the  integrated  value  for  the  shorter  length  of  time  that  should 
constitute  the  proper  definition  of  load  factor. 

Then,  again,  the  duration  of  the  whole  period  is  not  necessarily 
restricted  to  24  hotirs.  We  may  have  daily,  weekly,  monthly  or 
yearly  load  factors  and  in  general  the  longer  the  period  the  lower 
will  be  the  load  factor. 

C.  W.  PenDell:  This  one-minute  peak  that  Mr.  Lincoln 
speaks  of  is  more  or  less  in  the  natiu*e  of  an  instantaneous  peak. 
I  threshed  over  in  oiu*  company  the  question  of  how  long  a  period 
we  should  take  for  the  peak,  and  on  our  general  power  we  adopted 
thirty  minutes,  for  this  reason:  In  studying  a  customer's  load 
we  say  it  will  take  500  kw.  to  handle  his  entire  requirements, 
that  is,  500  kw.  for  the  transformers.  These  transformers  will 
stand  considerable  overload  for  a  few  minutes  without  damage. 
Our  lines  will  stand  the  same  overload.  The  generators  will 
stand  it.  If  we  take  a  short  duration  peak  period,  the  starting 
up  of  the  factory  in  the  morning,  especially  if  there  are  a  number 
of  large  motors,  will  have  a  tendency  to  boost  the  customer's 
peak  beyond  where  we  want  it  to  go.  We  do  not  want  the  rates 
on  paper  to  look  excessively  low.  We  would  rather  keep  the  rates 
so  that  they  look  reasonable  on  paper,  and  yet  have  the  customer 
earn  a  low  rate  by  having  a  maximum  demand  which  is  low, 
rather  than  to  give  him  a  one-minute  peak  which  will  make  his 
maximum  demand  quite  high,  and  charge  him  a  relatively  low 
rate  for  the  maximum. 

As  the  chairman  has  said,  we  can  hardly  blame  the  operators 
of  the  mines  for  not  buying  power  when  they  find  that  we  have 
all  these  different  rates  to  offer.  There  is  one  thing  that  the 
power  salesman  must  get  the  first  thing  when  he  goes  out — ^that  is 
the  confidence  of  his  prospect.  The  salesman  must  have  faith 
in  the  commodity  he  is  trying  to  sell  the  prospect,  and  he  must 
know  that  when  he  figures  out  a  rate  for  his  prospect  that  the 
rate  is  right.  On  the  other  hand,  we  must  also  imbue  the  pros- 
pect with  faith  in  the  company,  that  he  will  secure  equitable  and 
just  treatment. 

The  central  station  should  not,  according  to  my  theory,  sell 
at  so  much  a  unit  output  of  the  customer,  because  in  so  doing  we 
are  taking  all  the  risk  of  inefficiency  in  the  customer's  operation. 
You  go  to  one  man  and  say  **I  will  give  you  current  for  so  much 
a  ton  of  coal  mined,"  and  you  to  go  the  next  man  and  try  to 
figure  his  cost  and  say  **I  will  give  you  current  for  so  much  per 
ton  of  coal  mined",  these  two  men  get  together,  and  then  the 
second  fellow  says,  **Here,  you  are  charging  me  30  per  cent  more 
than  you  are  charging  the  other  fellow,  what  right  have  you  to  do 
that?"  We  try  to  explain  to  him  that  his  method  of  operation 
is  not  the  same  as  that  of  the  other  man,  but  you  cannot  explain 
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that  to  him.  He  has  you,  because  he  knows  more  about  the  coal 
mining  business  than  you  do,  certainly  more  than  I  do,  because 
I  have  not  been  in  the  business  long  enough,  but  if  I  tell  them 
both  "I  am  giving  you  the  same  rate  per  kw-hr.,"  and  it  is  up  to 
them  to  earn  the  same  rate  per  ton  mined  if  they  can,  they  cannot 
accuse  us  of  injustice,  as  they  are  liable  to  do  if  we  try  to  sell  them 
on  the  imit  basis  of  output. 

Sidney  G.  Vigo :  The  question  of  load  factor  is  not  only  of 
extreme  interest  to  the  central  station  company,  but  also  to  the 
customer  as  well.  The  formation  of  rate  schedides  is  for  the 
purpose  of  giving  to  the  customer  a  lower  rate,  corresponding  to 
the  increased  hours  of  use  of  his  maximum  demand  over  any 
month.  A  customer  operating  twenty  foiu*  hours  a  day  naturally 
should  receive  a  better  rate  than  an  eight-hour  user.  The  sched- 
ules of  rates  that  are  designed,  therefore,  are  inherently  based  on 
this  idea  of  load  factor. 

It  can  be  readily  seen  that  if  load  factor  were  defined  as  the 
percentage  of  the  actual  consumption  divided  by  the  total  horse 
power  in  motors  installed,  over  720  hours  per  month,  that  the 
customer  would  be  given  a  higher  rate  than  if  the  load  factor  were 
the  percentage  of  the  actual  consumption  divided  by  the  maxi- 
mum demand,  over  a  period  of  72CI  hotirs  per  month. 

This  is  made  all  the  more  evident  in  some  central  stations  in 
the  Northwest,  where  the  rate  per  kilowatt  hour  is  each  month 
based  on  the  load  factor  existing  dtuing  that  month.  At  the 
end  of  each  month,  the  maximum  demand,  having  been  measured, 
and  the  consumption  being  obtained,  the  load  factor  for  that 
month  is  determined,  and  the  corresponding  rate  for  that  load 
factor  is  applied,  and  with  each  decrease  in  load  factor,  the  rate 
is  correspondingly  increased.  Therefore,  with  this  schedule,  if 
instead  of  measuring  the  customers'  maximum  demand,  the  total 
motors  installed  were  considered,  the  customer's  load  factor 
would  show  a  decrease,  and  he  would  pay  correspondingly  higher 
for  his  service. 

This  idea  of  actually  measuring  the  highest  demand  of  any 
customer  is  urgent  oftentimes,  because  it  is  found  that  installa- 
tions in  large  numbers  of  cases  are  made  with  the  idea  of  future 
development,  which  we  all  admit  is  bad  policy,  owing  to  the  in- 
efficiency of  the  operation  of  large  units  underloaded,  and  con- 
sequently, a  customer  would  be  paying  an  unfair  rate  for  ser- 
vice if  his  load  factor  were  based  on  the  size  of  his  installation, 
rather  than  on  his  actual  conditions.  There  are  numbers  of  such 
cases  that  have  come  to  the  speaker's  personal  attention,  but 
there  is  no  doubt  that  many  of  you  have  experienced  the  same 
difficulties. 

C.  I.  Weaver:  There  has  been  considerable  discussion  about 
the  duration  of  the  maximum  demand;  whether  the  integrated 
peak  should  be  for  a  period  of  one  minute,  5  minutes,  15  min- 
utes or  30  minutes.  This  diversity  of  opinion  led  to  the  remark 
that  the  rate  for  power  to  the  coal  mine  should  be  based  on  ton- 
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nage.  The  tonnage  basis  of  rates  is,  in  my  opinion,  very  unsatis- 
factory. A  comparison  of  the  rates  on  the  one-minute  period,  the 
6-minute  period,  the  15-minute  period,  and  the  30-minute  period, 
would  show  the  net  power  bills  to  be  approximately  the  same  for 
any  given  load. 

Different  lengths  of  periods  for  maximum  demand  readings 
are  the  results  of  different  conditions  in  the  central  stations  and 
widely  varying  opinions  of  rate  makers. 

It  is  not  difficult,  however,  to  estimate  the  cost  per  ton  of  coal 
from  a  rate  having  a  demand  charge  and  an  energy  charge.  It 
would  be  discriminatory  to  base  power  bills  on  tonnage  since  the 
kilowatt  hour  per  ton  varies  widely  in  different  mines. 

Our  organization  has  for  a  few  years  been  marketing  power  to 
mines  with  a  rate  based  on  15-minute  demand  with  additional 
charge  for  energy.  It  has  proved  fair  to  the  station  and  satis- 
factory to  the  mine  operator.  The  field  of  our  activities  has 
extended  into  Illinois,  Indiana,  and  Michigan. 

T.  E.  Tynes :  I  wish  to  supplement  Mr.  Lincoln's  remarks  and 
the  gentleman  preceding,  in  regard  to  the  load  factor.  I  agree 
with  them  that  the  load  factor  is  a  function  of  the  load  and  not 
of  the  installed  capacity.  I  know  of  a  certain  plant  in  which,  if 
the  load  factor  was  based  on  the  ratio  of  the  average  installed 
capacity,  it  would  be  somewhere  aroimd  15  per  cent,  but  based 
on  the  ratio  of  the  average  to  the  maximum  demand,  it  is  around 
70  per  cent. 

I  ask  Mr.  PenDell  what  method  they  use  for  integrating  their 
5-minute,  15-minute,  30-minute,  and  one-hour  peak.  In  the 
company  we  take  power  from  we  used  to  measure  the  peak  on  a 
graphic  instrument,  a  clear  one-minute  peak,  and  they  had  been 
working  on  that  system  for  two  or  three  years  before  going  on 
the  regular  maximum  demand  meter,  but  finally  did  it,  and  that 
integrates  the  entire  peak.  We  find  that  it  raised  our  maximum 
demand  from  8  to  14  per  cent,  depending  on  the  nature  of  theload. 
We  had  to  get  busy  to  coimteract  that,  and  by  generating  our 
own  power  we  brought  our  peak  up  to  93.1  per  cent. 

C.  W.  PenDell :  In  connection  with  the  matter  of  meastiring 
the  peak,  there  has  been  developed  in  Chicago  a  meter  for  stamp- 
ing the  registrations  of  an  integrating  wattmeter.  The  train  of 
gears  on  any  standard  wattmeter  is  replaced  with  another  set  of 
dials  which  have  numbers  on  them.  There  is  a  tape  which  runs 
over  the  numbered  dials,  and  a  typewriter  ribbon  is  placed  in 
between.  There  is  a  clock  which  is  set  for  6-minute,  15-minute 
or  30-minute  intervals,  and  as  the  contact  maker  goes  aroimd,  it 
stamps  the  registration  of  the  wattmeter  dials,  the  same  as  if  a 
man  were  standing  in  front  of  the  meter  and  reading  the  inte- 
grating meter  at  stated  intervals,  only  the  clock  does  it  automat- 
ically. 

We  used  to  have  graphic  wattmeters  on  certain  loads.  I 
f oimd  there  was  liable  to  be  a  discussion  whenever  it  came  time 
to  decide  on  what  the  maximum  demand  had  been.    Every  tenth 
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of  an  inch  that  the  customer's  engineer  could  screw  me  down  on 
the  curve  meant  anywhere  from  $100  to  $1,000  to  him,  and  I  did 
not  like  to  have  him  perhaps  accuse  me  of  trying  to  slide  up  a 
tenth  of  an  inch,  to  make  $1,000  for  the  company,  so  that  I  took 
them  out  and  put  in  the  other  meter. 

George  H.  Morse :  Recently  in  connection  with  some  prop- 
erties in  Minneapolis,  I  had  occasion  to  study  the  conditions 
with  reference  to  load  factor  as  interpreted  by  the  company. 
There  we  were  using  the  actual  maximtmi  demands  of  consumers 
as  registered  on  the  Wright  demand  meter,  the  ratio  of  the  aver- 
age load  being  taken  for  the  monthly  load  factor — ^that  was  all 
right  in  cases  where  we  had  non-inductive  loads.  Where  we  had 
an  inductive  load,  as  induction  motors,  in  order  to  get  the  max- 
imum demand  in  kilowatts,  we  were  sending  out  men  to  make 
actual  measurements  on  the  customers'  premises  with  watt- 
meters at  such  times  as  we  thought  we  would  strike  the  max- 
imum for  the  month,  and  in  this  connection  I  will  say  that  the 
man  in  charge  of  the  meter  department  has  a  tradition  that  there 
is  a  certain  company  in  the  city  there,  a  manufacturing  company, 
that  pays  one  man  to  sit  at  the  door  throughout  the  month  and 
look  for  the  man  who  comes  to  take  that  maximuni 
demand — ^it  is  his  conviction  that,  when  he  sees  the  meter  man 
coming  in  the  distance,  he  runs  through  the  factory  and  gives  a 
gener^  alarm  to  the  men  at  work,  and  the  machines  are  drax^-Ti 
oflF  throughout  the  factory. 

That  company  was  experimenting  with  the  maxicator  or 
printometer  the  gentleman  refers  to,  an  instrument  for  register- 
ing on  tape  the  wattmeter  readings.  That  instrument  is  the 
only  instrument  we  can  apply  today  to  inductive  loads  to  get 
the  maximum  demand  kilowatt.  The  Wright  demand  meter 
is  not  of  assistance  in  this  case,  because  that  registers  the  maxi- 
mum current.  That  is  what  I  want  to  emphasize  and  the  reason 
that  I  rose.  To  my  thinking  it  is  not  the  maximum  kilowatts 
that  we  ought  to  base  our  rates  on,  but  the  maximum  current, 
after  all,  even  in  the  case  of  inductive  load,  because  we  have  to 
hold  in  our  power  station  capacity  for  that  maximum  current, 
not  maximum  kilowatts. 

C.  W.  PenDell :  I  am  having  carried  on  now  some  experi- 
ments on  the  measurement  of  maximum  demand  of  inductive 
loads  with  the  Wright  demand  meter.  I  believe  there  is  some 
general  ratio  between  the  power  factor  and  the  maximum  load 
of  average  size  commercial  customers.  I  want  to  put  in  the 
Wright  demand  meter,  if  possible,  on  a  lot  of  these  customers, 
to  see  if  I  can  find  a  ratio  between  the  power  factor  and  the 
maximum. 

Relative  to  charging  customers  for  maximum  current  rather 
than  maximum  kilowatt,  in  our  company  all  generators  are 
purchased  on  a  75  per  cent  power  factor  basis.  We  put  a  750- 
kv-a.  generator — taking  that  as  a  imit — on  a  500-kw.  tiu"bine,  a 
7500-kv-a.  generator  on  a  5000-kw.  turbine,  taking  fair  care  of 
the  wattless  cturent  in  that  way. 
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Otir  operating  department  is  trying  to  get  the  contract  depart- 
ment to  get  our  customers  to  put  in  synchronous  machinery, 
so  as  to  cut  down  the  wattless  current.  We  have  taken  the  stand 
that  we  will  not  needlessly  complicate  customers'  installations 
to  correct  the  company's  power  factor  for  two  reasons:  When- 
ever you  get  the  customer  to  install  expensive  sjnichronous 
machinery  to  correct  the  compa»iy's  power  factor,  they  want  a 
special  rate,  and  special  rates  are  something  that  we  fight  shy  of. 
Another  thing  about  the  correction  is,  when  you  want  the  correc- 
tion for  power  factor  on  your  line  the  customer  will  have  some 
reason  for  shutting  down  the  synchronous  machinery.  You  go 
to  figuring  on  it,  and  the  first  thing  you  know  he  balls  you  up 
by  not  running  it.  I  have  told  the  operating  department  if  they 
want  power  factor  correction  to  put  it  in  their  substations. 
H.  M.  Warren:  While  the  tests  which  we  ran  on  these  sub- 
stations were  primarily  for  our  own  particular  benefit,  the  results 
of  these  tests  were  urgently  sought  by  a  number  of  our  companies, 
and  I  feel  that  with  the  data  which  were  obtained  and  are  available 
the  central  station  man  has  all  the  information  which  is 
necessary,  and  a  great  deal  more  than  he  would  have  if  he  simply 
knew  what  the  load  factor  was  as  outlined  by  the  gentleman  who 
has  just  spoken.  One  of  the  gentlemen  stated  that  load  factor 
was  a  definite  term,  comprising  the  average  load,  but  from  the 
discussion  which  followed  I  do  not  think  it  is.  I  have  not  been 
able  to  determine  whether  it  should  be  based  on  instantaneous 
peak  or  on  any  peak  up  to  thirty  minutes.  Therefore,  it  would 
seem  to  me  that  when  the  term  **load  factor"  is  used,  it  is  neces- 
sary to  qualify  it  by  a  statement  explaining  just  exactly  what 
is  meant,  in  a  manner  similar  to  that  which  has  been  done  in 
this  particular  paper. 
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MINING  LOADS  FOR  CENTRAL  STATIONS 


BY  WILFRED  SYKES  AND  GRAHAM  BRIGHT 


The  most  desirable  type  of  load  that  a  central  station  can 
obtain  is  one  which  has  both  a  high  load  factor  and  high  power 
factor.  Load  factor  is,  generally,  defined  as  the  ratio  of  the  average 
load  of  a  machine,  or  system,  to  the  rated  capacity.  Capacity 
is,  sometimes,  based  on  the  name  plate  rating,  but,  for  the  purpose 
of  obtaining  load  factor,  it  should  be  based  on  some  integrated 
time  peak,  that  represents  the  capacity  which  the  central  station 
must  provide,  and  hold  in  readiness  for  the  use  of  the  customer. 

The  load  of  a  mine  operation,  taking  power  from  a  central 
station,  consists,  in  general,  of  the  following:  Haulage,  Hoisting, 
Ventilation,  Coal  Cutting,  Pumping,  Tipple  or  Breaker  Power, 
Machine  Shop  and  Blacksmith  Shop,  Lights. 

Haulage,  The  load  due  to  a  haulage  system,  is,  as  a  rule, 
very  ragged;  the  variation  depending  upon  the  number  of  loco- 
motives operating  and  the  grade  conditions.  Figs.  1  and  2  are 
typical,  and  show  the  wide  variation  in  load  that  takes  place  in 
short  intervals  of  time.  Unless  the  power  system  has  a  rather 
small  capacity,  this  variable  load  will  not  seriously  aflFectthe 
regulation  for  power  loads,  but  may  give  unsatisfactory  regula- 
tion for  lighting. 

In  practically  all  cases  in  this  country,  the  power  used  for 
mine  haulage  is  direct  current,  either  250  or  500  volts.  With 
purchased  power,  the  current  is  obtained  either  from  synchro- 
nous converters  or  motor-generator  sets.  The  motor-generator 
sets  may  be  either  induction  or  sjnichronous.  When  there  are 
very  few  locomotives  in  use  the  d-c.  generator  must  be  able  to 
stand  very  heavy  overloads,  for  short  periods,  so  that  the  actual 
capacity  is  often  determined  by  the  ability  to  carry  heavy  mo- 
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mentary  overloads,  rather  than  the  continuous  heating  capacity. 
When  this  peak  load  is  the  determining  factor,  it  is  possible  to 
supply  a  driving  motor  smaller  than  the  generator,  provided  the 
motor  has  ample  pull-out  torque.  The  efficiency  and  first  cost 
would  be  improved,  when  using  such  a  motor,  and  also  the  power 
factor,  if  the  motor  is  of  the  induction  type.  This  scheme  is 
particularly  applicable  to  the  case  when  old  types  of  generators 
are  at  present  driven  by  steam  engines  and  it  is  desirable  to 
change  to  motor  drive.  In  many  cases,  these  old  generators 
will  stand  very  little  overload,  due  to  poor  commutation,  and 
seldom  receive  overloads,  due  to  the  inability  of  the  engines  to 
stand  much  more  than  full  load  without  becoming  stalled. 
Instances  have  occurred  when  a  200-h.p,  motor  was  ample  to 
drive  a  200-kw.  generator.    Fig,  2  illustrates  a  load  of  this 


Fig.  1— Dav  I. 


character.  Where  the  capacity  is  not  determined  by  the  peak 
load,  it  should  be  detennined  by  the  r.  m.  s.  rather  than  the  aver- 
age kw.,  for  both  motor  and  generator,  since  the  heating  for  such 
a  variable  load  will  be  considerably  greater  than  that  due  to  the 
average  load.     This  point  is  well  illustrated  by  Figs.  1  and  2. 

The  load  factor  of  the  haulage  system  will  not,  as  a  rule,  be 
high,  but  can  be  improved  in  some  cases  by  a  careful  study  of 
the  schedules  on  which  the  trips  are  brought  to  the  surface. 

The  effect  of  the  haulage  load  on  the  power  factor  of  the  system 
depends  upon  whether  synchronous  converters,  induction  motor- 
generator  sets,  or  synchronous   motor- generator  sets  are  used. 

With  the  induction  motor-generator  set  the  power  factor  will 
depend  on  the  load,  and  will  not  average  very  high,  due  to  the 
fact  that  the  average  mine  load  is  low.     The  synchronous  con- 
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verter  will  have  100  per  cent  power  factor  at  full  load,  and  can 
be  made  to  give  a  slightly  leading  power  factor  at  lighter  loads. 
The  synchronous  motor-generator  set  has  somewhat  better  char- 
acteristics than  the  synchronous  converter,  and  is  better  adapted 
for  mine  service,  due  to  the  superior  compounding  characteristics 
of  the  generator.  Heavy  compounding  is  very  desirable  for  mine 
service,  especially  when  the  voltage  is  260.  The  high  power  fac- 
tor of  the  converter  or  synchronous  motor-generator  set  will, 
of  course,  tend  to  compensate  for  the  lower  power  factor  of  the 
fan,  hoist,  and  tipple  motors. 

From  a  standpoint  of  cost,  the  desirability  of  the  various  types 
of  apparatus  for  converting  a-c.  power  to  direct  current  is  in 
the  following  order : 

1 .   Synchronous  converter 


Pig.  2 — Day  Load  on  1092-Ahpere  Mine  Plant 


2,  Induction  motor-generator  set 

3,  Synchronous  "  «  « 

From  a  standpoint  of  best  operating  conditions,  the  desir- 
ability is  as  follows: 

1 .  Induction  motor-generator  set 

2.  Synchronous  "  u  a 

3.  Synchronous  converter. 

From  a  standpoint  of  power  factor  correction,  the  desirabihty 
will  be  as  follows: 

i.   Synchronous  motor-generator  set 

2.  Synchronous  converter 

3.  Induction  motor-generator  set. 

Hoisting.     In  mines  where  hoisting   is    necessary,  the    load 
factor  depends  upon  the  nature  of  the  hoist.    Where  the  shaft  is 
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vertical,  and  high  speed  and  frequent  hoisting  is  reqtiired,  the 
load  curve  covers  a  wide  range  in  a  few  seconds  of  time.  The 
momentary  peaks  are  very  high,  while  any  integrated  time  peak 
of  one  minute,  or  more,  will  be  fairly  low. 

This  type  of  load  will  often  cause  poor  regulation  on  a  power 
company's  system,  and  is  not,  as  a  rule,  a  desirable  load.  How- 
ever, if  there  is  considerable  haulage,  fan,  pump,  and  cutting 
load  at  the  same  time,  the  high  peaks  will  be  somewhat  snooothed 
out. 

Where  the  peaks  are  excessive,  and  cause  bad  regulation, 
some  method  of  equalizing  the  load  is  used.  The  best  known  of 
these  systems  is  the  Ilgner,  which  employs  a  separately  excited 
hoist  motor,  receiving  power  from  a  separately  excited  generator 
driven  by  an  induction  motor.  By  means  of  a  flywheel,  and 
slip  regulator,  the  load  on  the  power  system  will  be  practically 
constant.  The  selection  of  the  type  of  hoisting  eqtiipment  will 
depend  upon  the  depth,  output,  and  central  station  rate  for 
power.  For  long  slope  hoists  the  variation  in  power  is  not  so 
great  as  for  vertical  hoists,  and  the  a-c.  wound-rotor  motor  has 
desirable  characteristics.  The  power  factor  and  eflBciency  are 
both  low  for  the  average  hoisting  conditions  where  a-c.  hoist 
motors  are  used,  and  the  s3nichronous  apparatus  must  be  depended 
upon  to  improve  the  power  factor. 

Ventilation.  Fans  for  mine  ventilation  are  in  most  cases  of 
too  low  speed  for  direct  connection  to  the  motor.  The  type  of 
motor  used  to  drive  a  fan  depends  upon  the  conditions  under 
which  the  fan  is  to  operate. 

When  the  fan  operates  at  the  same  speed  24  hours  per  day,  and 
is  changed  only  at  intervals  of  a  few  months,  to  take  care  of  the 
mine  development,  a  simple  arrangement  is  to  belt  a  constant- 
speed  motor  to  the  fan,  and  change  pulleys  when  a  change  in 
speed  is  desired.     The  simplest  type  that  can  be  used  for  this 
application  is  the  a-c.  polyphase  squirrel  cage  motor.     When 
this  motor  is  to  run  at  low  load  for  long  periods  the  power  factor 
can  be  improved  by  a  special  winding.     In  some  cases  it  is  desired 
to  operate  a  fan  at  a  certain  speed  most  of  the  time,  and,  occa- 
sionally, at  a  somewhat  higher  speed  for  emergency  conditions. 
A  simple  method  of  accomplishing  this  is  to  supply  a  double 
pulley,  and  change  the  speed  by  sliding  the  belt  from  one  pulley 
to  the  other.     Since  the  motor  is  to  be  operated  at  a  reduced 
capacity  a  large  percentage  of  the  time,  it  would  be  desirable  to 
have  a  high  power  factor  and  high  efficiency  at  light  load.    Fig.  3 
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illustrates  what  can  be  accomplished  by  supplying  a  special 
winding  to  a  standard  motor,  to  improve  the  power  factor  at 
light  loads.  The  efficiency  may  sufiEer  at  full  load,  but  this  makes 
little  difEerence,  as  the  proportion  of  time  that  the  motor  operates 
at  full  load  is  small.  The  same  efEect  can  be  accomplished  by 
supplying  reduced  voltage  taps  so  that  the  motor  can  be  fun  at  a 
lower  voltage  when  lightly  loaded. 

When  two  definite  speeds  are  required,  these  can  be  best  obtained 
by  the  two-speed  sqtiirrel  cage  motor,  if  a-c.  power  is  available. 
If  d-c.  power  is  to  be  adopted,  the  commutating  pole  d-c.  motor 
can  be  used  to  give  high  economy  at  a  large  range  in  speed,  by 
field   control.      Where  variable  speed  is  required  for  an  a-c. 
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Pig.  3 — Performance    Curves    of    Squirrel    Cage    Type   Motor 

Pun  line  curves  are  for  standard  windings 

Dotted  line  curves  are  for  special  windings  designed  for  high  power  factor  at  light  loads 


motor,  this  is  generally  accomplished  by  using  a  wound  rotor  and 
putting  resistance  in  the  rotor  circuit.  The  economy  is  of  course 
low  at  any  but  full  speed.  The  fan  load,  being  very  steady,  will 
greatly  improve  the  load  factor  and  regulation.  The  power  factor 
will  not  be  high,  since  a  fan  motor  is  seldom  run  at  full  load. 
Several  schemes  are  being  tried  out  in  Europe  to  give  econom- 
ical ranges  in  speed  when  using  a-c.  power,  by  the  use  of  the 
three-phase  commutator  motor,  and  also  a  combination  of  wound- 
rotor  induction  motor  with  low-frequency  synchronous  converter 
and  d-c.  motor.  While  these  schemes  may  be  worked  out  with 
a  fair  degree  of  success  in  Europe,  their  success  in  this  country 
remains  to  be  seen. 
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Coal  Cutting,  The  power  iised  for  coal  cutting  is  generally 
direct  current,  and  is  often  taken  directly  from  the  trolley  system. 
Much  better  voltage  regulation  can  be  obtained,  as  a  rule,  where 
separate  feeders  are  run  for  the  cutting  machines.  The  load  factor 
of  a  single  cutting  machine  is  rather  low,  as  it  operates  but  10  to 
IS  per  cent  of  the  time.  Each  operation  lasts  several  minutes, 
so  that  the  effect  on  regulation  is  not  bad,  and  with  several 
machines  in  operation,  the  load  factor  will  be  fairly  high. 

A  practise  which  seems  to  be  gaining  favor  is  to  do  most  of  the 
cutting  at  night.  This  greatly  improves  the  low  load  factor  at 
night,  and  in  many  cases  relieves  the  generators,  which  are'over- 
loaded  during  the  day. 

The  air  puncher  is  still  used,  to  a  large  extent,  for  under- 
cutting, but  is  being  rapidly  replaced  by  electric  mining  machines, 
wherever  it  is  possible  to  do  so.  Where  compressors  must  be 
used,  they  can,  of  course,  be  driven  by  motors.  The  load  factor 
due  to  this  load  is  high,  owing  to  the  fact  that  with  no  cutter  in 
operation  considerable  power  is  required  to  keep  up  pressure  in 
the  long  pipe  lines,  in  which  there  are,  generally,  many  leaks. 
The  induction  motor  is,  as  a  rule,  used  for  operating  compressors, 
with  a  power  factor  ranging  from  75  to  90  per  cent.  Synchro- 
nous motors  are  becoming  very  popular  for  this  service,  but  must 
be  started  with  the  load  relieved  by  unloading  valves,  or  by- 
passes. The  compressed  air  system  is  very  uneconomical,  and 
in  many  cases  50  to  75  per  cent  of  the  power  used  can  be  saved 
by  changing  to  electric  drive. 

Pumping.  When  the  pumps  arc  some  distance  inside  the 
mines,  direct-current  motors,  direct-connected  to  centrifugal, 
or  geared  to  triplex  pumps,  arc  generally  used.  Power  is  taken 
from  the  haulaf;c,  or  coal  cutting  lines.  For  large  pumps,  a-c. 
motors  are  used  to  advantage.  These  are,  in  most  cases,  induc- 
tion motors.  Where  compressed  air  is  used  for  punchers,  it  is 
also  used,  sometimes,  to  operate  pumps  and  fans.  Often  the 
old  steam  engines  are  simply  connected  to  the  air  system,  and 
with  the  usual  low  air  pressure  and  absence  of  pre-heating,  the 
efficiency  will,  of  course,  be  very  low. 

The  load  factor  due  to  pumping  will  be  very  high,  as  a  pump 
is  usually  run  on  constant  load  for  hours  at  a  time.  In  some 
mines  the  24-hour  load  factor  is  very  materially  increased  by 
using  small  ])umps  during  the  day  to  pump  to  a  common  reser- 
voir or  sump,  and  then  using  a  large  pump  to  raise  the  water 
out  of  the  mine  during  the  night.     For  these  small  pumps  the 
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self-starting  d-c.  commutating-pole  motor  has  been  very  favor- 
ably received  by  the  mine  operators,  as  it  cuts  down  the  pump 
attendance  to  a  minimum. 

Any  scheme  by  which  a  day  load  can  be  shifted  to  the  night 
turn  will  not  only  improve  the  load  factor,  but  will  cut  down 
the  capacity  of  the  generating  apparatus.  Fig.  4  shows  a  typical 
night  load,  consisting  mostly  of  cutting  machines,  and  indicates 
the  need  of  improvement  of  load  factor. 

Tipple  or  Breaker.  Motors  used  on  the  tipple,  or  breaker, 
are  generally  of  the  induction  type,  squirrel  cage  or  wound 
rotor.  Direct-current  motors  are  frequently  used  where  the 
operation  has  an  isolated  power  plant.  The  load  factor  is 
fairly  high,  but  the  power  factor  will  not  average  high,  due  to 
the  fact  that  many  of  the  machines  are  working  under-loaded  at 
times.     The  load  factor  can  only  be  improved  by  regularity  of 


= 

= 

!    1    1    !    1 h'^-f- 

= 

' — 

— 

— 

in 

H 

""^ 

~ 

=J 

^■■""'""-••r— "-'I'^T^^'- 

= 

zr 

v^ 

ll^ 

^'^^''^^^in^f'^i^'xp 

'V 

H 

"^ 

Fig.  4 — Evening  Load  on  GOO-Ampbre  Mink  Plant 


output,  while  the  power  factor  can  be  best  improved  by  a  close 
study  of  the  power  requirements,  to  see  that  each  motor  is  of 
the  proper  capacity  for  the  work.  In  some  cases,  by  the  addition 
of  a  small  flywheel  the  capacity  of  the  motor  can  be  reduced, 
and  the  power  factor  and  efficiency  increased.  It  is  for  such  a 
load  as  a  tipple,  or  breaker,  that  power  factor  correction  is 
desired,  by  the  use  of  synchronous  apparatus. 

While  makinginvestigations,  at  different  mines,  of  the  power 
requirements,  one  of  the  authors  has  frequently  come  across 
steam  power  applications  where  the  engine  is  far  larger  than 
necessary.  The  general  reason  for  this  is  that  the  particular 
engine  was  the  only  one  available  at  the  time,  and  the  advantage 
obtained  was  that  the  engine  would  operate  for  long  periods  with 
little  or  no  attention.  The  difficulty  of  making  tests  on  an 
engine  is  sometimes  responsible  for  these  misapplications.  On 
the  other  hand,  the  ease  with  which  electrical  tests  can  be  made 


SYKBS  AND  BRIGl 


makes  it  a  comparatively  simple  matter 
proper  capacity. 

Machine  and  Blacksmitk  Shop.  The  r 
load  is,  generally,  too  small  to  have  mi 
load  factor  or  power  factor.  Direct-ciirr 
duction  motors  are  used. 

Lights.  The  lighting  load  is  a  small  [ 
where  the  lighting  is  confined  to  the  ti 
This  Hghting  is,  generally,  taken  from 
save  wiring.  With  purchased  power,  all 
be  alternating-current,  since  the  regulatic 
is  not  suitable  for  economical  lighting. 

The  following  table  shows  a  summa 
factors  and  power  factors,  and  ways  in 
proved: 


Laid  fftctor         improvgnent 


Do  cutting  al  nighl 


100  I  I(  possible  cbkni 
p&rt  of  pumping  I 
night  turn 


Power  Rates 

The  larger  purchasers  of  power  gener 

idea  of  how  t\iew  ipo-wei  <ai?Ss  «x%  ■roa.'ie  i 
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they  have  no  definite  information  as  to  the  actual  costs.  Most 
operators  appreciate  that  their  costs  may  be  roughly  divided 
into  two  groups,  the  first  including  the  fixed  charges,  such  as  in- 
terest, depreciation,  and  amortization,  and  the  second  the  various 
charges  such  as  fuel,  stores,  labor,  etc. 

In  a  given  station  some  of  the  items  included  imder  the  second 
heading  may  be  considered  as  fixed  charges,  as  they  are,  practi- 
cally, independent  of  the  load.  This  is  the  case  with  such  items 
as  labor,  line  maintenance,  etc. 

Keeping  in  view  the  fact  that  the  cost  of  power  is  made  up  of 
a  fixed  element  and  a  variable  element,  it  is  clear  to  most  large 
consumers,  who  have  given  the  matter  attention,  that  the  most 
equitable  way  of  charging  for  power  is  one  that  is  based  on  a 
system  that  takes  this  into  consideration. 

Furthermore,  they  are  alive  to  the  fact  that  their  total  power 
cost  is  likely  to  be  lower  with  such  an  arrangement  than  would 
be  the  case  with  a  flat  rate,  as  the  central  stations  must  arrange 
their  rates  so  that  a  profit  can  be  made,  which  leads  to  setting 
flat  rates  at  such  a  figure  that  any  load  factor  of  the  system 
would  be  profitable. 

It  is  immaterial  whether  the  power  is  generated  in  a  central 
station,  and  distributed  to  a  number  of  customers,  or  whether 
each  of  the  consumers  has  his  own  generating  station;  the  power 
cost  will  be  made  up  of  the  same  items,  which  can  be  very  easily 
demonstrated  to  a  prospective  customer.  The  diflSculty  always 
occurs  in  persuading  the  customer  that  the  particular  rate  pro- 
posed is  a  fair  one. 

Although  the  question  of  power  rates  is,  mainly,  a  local  one, 
a  short  discussion  of  various  power  rates,  and  how  they  may  be 
influenced  by  the  customer's  load,  may  not  be  out  of  place. 

Flat  Rate.  Very  little  power  is  sold  to  large  users  on  a  flat 
rate.  On  account  of  the  simplicity  of  this  system,  it  is  very  suit- 
able for  small  customers,  where  it  is  impossible  to  obtain  an 
inteUigent  appreciation  of  the  proper  basis  for  charging  for 
power.  Flat  rates  are  usually  very  high,  and  necessarily  leave 
a  considerable  margin  for  variation  of  load  factor. 

When  power  is  to  be  purchased  in  large  quantities,  a  flat  rate 
does  not  enable  the  customer  to  obtain  the  advantage  that  should 
be  derived  from  high  load  factor,  or,  if  it  is  so  arranged  as  to  do 
this,  it  does  not  adequately  protect  the  central  station.  This 
system  is  therefore  quite  tmsuitable  for  large  customers,  and  can 
only  be  defended  on  accoimt  of  its  simplicity,  and  tb^  ^^El^^t^^^ 
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that  is  encountered  in  properly  determining  the  basis  of  an  eqtiit- 
able  power  charge. 

Maximum  Demand  System,  The  late  Dr.  John  Hopkinson 
suggested  this  system  over  twenty  years  ago,  the  idea 
being  to  take  the  load  factor  into  consideration  when  deter- 
mining the  power  costs.  This  system,  as  worked  out  by  various 
companies,  principally  in  England,  of  recording  the  maximum 
instantaneous  demand,  and  basing  the  power  costs  upon  one 
rate  for  a  certain  number  of  kw-hr.  per  month  per  kw.  demand, 
and  upon  another  rate  for  the  remainder  of  the  power,  has  been 
generally  known  as  the  Wright  system,  from  its  principal  advo- 
cate, Mr.  Arthur  Wright,  who  introduced  it  many  years  ago. 

For  instance,  for  the  first  50  kw-hr.  per  month  per  kw.  demand 
the  rate  might  be  five  cents,  and  for  all  power  in  excess  the  rate 
of,  say,  one  cent  might  be  charged.  Thus,  if  the  maximum  de- 
mand is  100  kw.,  and  the  monthly  power  consumed  is  10,000  kw- 
hr.,  the  first  5000  kw-hr.  would  be  charged  at  five  cents,  and  the 
second  5000  kw-hr.  at  one  cent,  making  a  total  of  $300,  or  an 
average  rate  of  three  cents.  This  system  has  been  used  in  var- 
ious forms,  and  is  still  used  by  a  number  of  concerns. 

For  industrial  power  it  has  a  great  many  disadvantages,  not 
the  least  being  the  difficulty  of  determining  the  maximum  de- 
mand. The  system  is  not  on  the  correct  basis,  as  it  does  not  take 
into  consideration  the  equipment  that  the  power  station  must 
have  available  for  the  customer.  It  is,  however,  a  decided  im- 
provement upon  the  flat  rate  system,  but  a  poor  system  to  use 
with  small  customers,  in  view  of  the  difficulty  of  explaining  the 
great  variation  in  the  cost  of  power  that  is  liable  to  occur  at 
different  seasons  of  the  year.  This  difficulty  is  increased  in 
proportion  to  the  number  of  customers  on  the  system.  With  a 
few  large  customers  there  is  usually  very  little  trouble  in  ad- 
justing the  accounts,  and  explaining  the  variations. 

Due  to  the  fact  that  it  does  not  clearly  recognize  the  basis  on 
which  the  cost  of  power  is  founded,  it  is  not  an  easy  rate  to  ex- 
plain to  a  customer.  There  are  a  number  of  variations  which  at- 
tempt to  avoid  the  defects  of  this  system.  For  instance,  a 
certain  percentage,  only,  of  the  maximum  peak  is  sometimes 
taken  as  a  basis  of  charging,  but  the  system  is  fundamentally 
wrong. 

Flat  Rate  with  Fixed  Charge.  In  view  of  what  has  been  said 
as  to  the  cost  of  power,  it  is  obvious  that  the  only  correct 
basis  is  one  that  takes  into  consideration  the  fixed   charges 
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on  the  equipment  that  must  be  kept  in  reserve  for  the  customer, 
and  a  variable  charge  depending  on  the  amount  of  power  con- 
sumed. 

The  only  way  that  the  amount  of  power  station  equipment 
that  is  required  by  each  customer  can  be  determined  is  by  keep- 
ing some  record  of  the  customer's  load  conditions. 

There  are  certain  differences  of  opinion  as  to  what  is  a  fair 
basis  on  which  to  determine  fixed  charge.  Some  operators  are 
of  the  opinion  that  any  load  that  may  be  sustained  for  a  period 
of,  say,  five  minutes,  is  the  proper  basis,  and  others  take  into  con- 
sideration the  average  load  for  some  definite  period.  The  latter 
is,  in  our  opinion,  the  correct  system,  especially  for  mining  work, 
or  for  any  service  where  the  load  fluctuates  very  rapidly.  For 
instance,  if  the  five-minute  peak  load  is  to  be  taken  as  the  basis 
for  fixed  charges,  it  is  quite  possible  to  have  such  conditions  that 
there  never  will  be  any  peak  that  will  last  this  time.  It  has  been 
our  experience  that  there  is  quite  a  number  of  cases  where  a 
strict  reading  of  the  contract  would  mean  that  the  power  com- 
pany could  not  collect  any  sum  for  fixed  charges.  Then,  again, 
within  certain  limits,  the  instantaneous  peak  loads  do  not  concern 
the  central  station,  as  the  generators  have  sufficient  overload 
capacity  to  take  care  of  such  peaks. 

It  is  the  load  that  must  be  carried  for,  say,  fifteen  minutes,  or 
half  an  hour,  that  really  determines  the  capacity  of  the  genera- 
ting plant,  and  therefore  the  proper  basis  for  charging  is  one  that 
takes  this  point  into  consideration.  In  other  words,  the  average, 
or  integrated,  peak  load,  for  a  reasonable  period,  must  be  used. 
The  period  taken  is,  generally,  fifteen  minutes  to  half  an  hour; 
the  larger  power  stations  adopting  a  longer  period,  as  the  variety 
of  their  load  enables  them  to  take  a  more  liberal  attitude  towards 
the  customer  than  is  possible  with  a  smaller  station. 

To  determine,  to  some  extent,  the  effect  of  the  length  of  the 
integrated  peak  upon  the  basis  of  charging,  a  number  of  invest- 
igations have  been  made,  and  the  results  of  one  case  are  shown 
in  Fig.  5.  This  figure  shows  the  peak  load  on  a  basis  of  a5- 
minute,  10-minute  and  15-minute  average  peak.  The  results 
may  be  siunmarized  as  follows.  Taking  the  15-minute  peak  as 
a  basis,  the  5-minute  and  10-minute  peaks  are  given  as  a  per- 
centage: 

15-minute  peak 100  per  cent 

10-        **         "     104  per  cent 

6-       •         "    106}  per  cent 
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The  difference  is  comparatively  small,  and  it  is  generally 
easier  to  persuade  a  customer  that  a  15-minute  peak  is  an  equit- 
able basis,  which  is  not  always  the  case  with  a  5-minute  peak. 
The  results  shown  in  Fig.  5  are  made  up  of  simultaneous  tests, 
made  on  six  different  mines  belonging  to  one  company. 

It  is  usually  not  possible  to  arrange  the  fixed  charge  that  a 
large  customer  pays  so  that  it  will  cover  the  total  fixed  charges 
of  the  station  that  would  be  represented  by  the  capacity  measured 
on,  say,  a  15-minute  integrated  peak,  as  the  charge  would  be 
so  high  that  it  would  be  difficult  to  seethe  business. 

It  is  usually  very  easy,  however,  to  obtain  a  fixed  charge  that 
would  be  equal  to  the  corresponding  figure  if  the  customer  in- 
stalled his  own  station,  which  he  could  do,  generally,  at  a  lower 
cost  per  kw.  capacity  than  the  central  station,  as  he  would  have 
considerably  shorter  lines,  and  the  standard  of  equipment  prob- 
ably would  not  be  so  high. 

It  is,  therefore,  generally  necessary  to  take  a  figure  somewhat 
lower  than  the  full  amount,  and  from  the  standpoint  of  the 
central  station  this  is  justified,  because  the  central  station  obtains 
the  benefit  of  the  diversity  factor,  which  under  certain  conditions 
may  be  considerable. 

This  may  be  illustrated  in  the  case  of  the  diagram  shown  in 
Fig.  5.  The  total  6-minute  peak  of  the  six  mines  is  only  68 
per  cent  of  the  sum  of  the  individual  5-minute  peaks  of  the 
different  mines.  The  diversity  factor,  in  this  case,  is  1.46  to  1. 
Where  many  mines  are  being  operated  from  one  station  a  much 
greater  diversity  would  be  expected. 

The  additional  flat  rate  per  kw-hr.  is  a  very  much  more  flex- 
ible charge,  and  the  average  customer  is  usually  prepared  to  stand 
for  a  flat  rate  that  represents  a  fair  profit,  whereas  the  fixed 
charge  must  be  reduced  below  what  is  really  an  equitable  figure. 
A  great  deal  of  this  difficulty  is  due  to  the  fact  that  customers 
have,  as  a  rule,  very  Uttle  idea  as  to  the  proportion  of  fixed  and 
variable  charges  in  their  power  accounts,  and  therefore  have 
not  been  educated  to  see  these  charges  in  the  proper  relation. 

In  the  case  of  a  large  system,  supplying  power  to  both  large  and 
small  consumers,  the  question  naturally  arises,  should  the  large 
user  pay  the  same  rate  as  the  smaller  one?  In  general,  it  is 
reasonable  for  the  large  customer  to  expect  a  lower  rate,  as  he 
looks  on  the  matter  from  the  standpoint  of  what  he  could  do 
with  his  own  generating  plant,  and  this  is  a  condition  that  must 
be  met  by  the  central  station. 
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The  cost  to  a  station  decreases,  somewhat,  as  the  amount  of 
power  used  increases,  as  the  expenditure  for  lines,  labor,  etc., 
for  the  equipment  required  by  any  one  customer  is  not  very 
difiEerent  whether  the  average  load  is  100  kw.  or  1000  kw.  A 
system  of  giving  a  discotmt  on  the  rate  per  kw-hr.,  depending 
upon  the  consumption,  would  be  a  fair  and  equitable  method 
of  meeting  this  condition. 

Effect  of  Power  Factor  on  Rates.  This  is  a  question 
that  is  of  considerable  interest  to  the  central  station. 
Usually,  no  difficulty  is  encountered  in  demonstrating  to  a  con- 
sumer that  a  reasonable  power  factor  should  be  maintained. 

Some  central  stations  are  attempting  to  meet  this  condition 
by  regulations  designed  to  control  the  type  of  apparatus  used 
by  the  customer,  but  there  are  limits  to  this  arrangement  that 
reduce  the  value  of  the  scheme.  It  is  customary  to  require 
synchronous  motor-generator  sets  to  be  used  for  direct-current 
work,  and,  as  a  great  deal  of  the  power  required  by  mines  is  for 
haulage,  coal  cutters,  etc.,  fairly  good  results  can  be  obtained  by 
this  simple  expedient,  but  there  are  a  great  many  cases  where 
induction  load  predominates,  and  a  more  definite  scheme  is 
required.  It  appears  to  the  authors  that,  if  it  is  found  necessary 
seriously  to  consider  the  power  factor,  a  definite  limit  should  be 
set,  and  for  lower  values  an  increased  rate  charged.  This  can 
be  arranged  for  by  determining  the  kv-a.  and  kw.  consumption 
of  the  consimier.  To  make  it  desirable  for  the  customer  to 
maintain  his  power  factor  as  high  as  possible,  a  bonus  might  be 
given  if  it  averages  above  the  limit  set. 

Methods  of  Measurement,  Although  some  system  based 
upon  the  peak  loads  is  generally  recognized  as  being  cor- 
rect, it  is  not  at  all  easy  to  determine  a  rate  with  a  basis  that 
can  be  accurately  measured,  due  to  the  fact  that  in  the  past, 
apparatus  has  not  been  available  for  the  satisfactory  recording 
of  the  peak  loads.  Graphic  recording  meters  of  the  usual  type 
are  not  at  all  satisfactory,  as  they  do  not  show  the  maximimi 
average  for  a  definite  period,  without  a  considerable  amoimt  of 
investigation,  and  they  are  not  accurate  if  used  to  record  the 
instantaneous  peaks. 

When  rates  are  based  upon  the  instantaneous  peak,  a  certain 
percentage  of  which  is  taken  to  represent  the  station  capacity 
required  by  a  particular  customer,  there  is,  usually,  room  for 
considerable  discussion  as  to  the  methods  of  determining  these 
peaks. 
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During  some  investigations  made  by  one  of  the  authors  on 
the  high  cost  of  power  for  a  particular  installation,  it  was  found 
that  the  meters  used,  under  certain  conditions,  recorded  peaks 
approximately  60  per  cent  above  the  actual  value,  due  to  the 
meters  overshooting.  This  discovery  led  to  a  further  investigation 
of  a  number  of  other  installations,  and  it  was  discovered  that  a 
similar  condition  existed,  which  caused  considerable  dissat- 
isfaction on  the  part  of  the  customers. 

The  graphic  meter  has  the  advantage  of  giving  a  chart  that 
is  a  permanent  record,  which  can  be  used  in  case  of  disputes,  and 
it  shows  extraordinary  peak  loads,  due  to  short  circuits,  etc., 
which  can  be  left  out  of  consideration  in  determining  charges. 

The  type  of  meter  that  simply  indicates  the  maximum  instan- 
taneous peaks,  has  the  disadvantage  that  it  does  not  discriminate 
between  peaks  due  to  short  circuits,  and  normal  operating  peaks, 
so  that  such  instruments  are  practically  useless,  under  modern 
conditions,  for  industrial  plants. 

Undoubtedly  the  proper  instrument  to  use  is  a  meter  that 
will  integrate  the  peak  load  for  a  certain  definite  period,  and 
record  this  in  such  a  way  that  the  values  may  be  referred  to,  at 
any  time,  in  case  of  dispute.  Such  instruments  have  been  de- 
vised, and  we  believe  that  the  first  were  designed  about  six  years 
ago  for  the  Victoria  Falls  Power  Company. 

Due  to  the  fact  that  the  question  of  power  rates  has  not  been 
given  the  consideration  that  it  deserves,  such  devices  have  not 
been  developed  to  the  extent  that  would  be  desirable,  through  a 
lack  of  demand  on  the  part  of  the  operators.  During  the  last 
few  years,  however,  the  increased  effort  on  the  part  of  central 
stations  to  secure  industrial  loads  has  increased  the  number  of 
large  consimiers,  and  has  brought  this  question  of  charging  to 
such  a  position  that  these  devices  are  receiving  more  attention. 
In  designing  such  apparatus  provision  must  be  made  so  that  the 
meter  will  pick  out  the  highest  peak.  For  instance,  if  a  15-min- 
ute  peak  is  the  basis  of  charging,  it  would  not  be  satisfactory 
to  simply  have  a  meter  divide  the  hour  into  four  parts,  as  it 
may  happen  that  a  high  peak  might  be  then  divided  into  two 
parts,  part  occurring  during  one  of  the  periods,  and  part  diuing 
another.  If  a  peak  load  of  15  minutes'  duration  occurs,  and  it 
should  happen  that  it  starts  in  the  middle  of  one  of  the  periods, 
the  maximimi  recorded  by  the  meter  would  be  only  half  the  correct 
value.  If  two  integrating  devices  are  used,  both  operating  on 
the  same  recording  device,  and  they  ate  sta^^eteA.^  *OcvfcT^  ^Owet^ 


1136  SYKES  AND  BRIGHT:  [April  19 

is  no  chance  of  such  a  condition  ocairring.  It  may  happen  that 
the  record  will  not  show  the  absolute  maximum,  but  the  diflFer- 
ence  will  be  very  small. 

Power  Factor  Measurement.  The  power  factor  must  be 
considered  in  conjunction  with  the  power  requirements,  and 
any  scheme  using  a  graphic  power  factor  meter  is  unsatis- 
factory, as  it  might  easily  happen  that  for  fairly  long  periods  a 
leading  component  is  provided  by  the  motor-generator,  which 
would  be  of  little  value  to  the  station,  as  it  would  not  exist 
during  the  time  when  the  equipment  is  loaded  to  its  capacity. 
A  much  more  satisfactory  system  is  to  consider  the  average  power 
factor,  but  it  is  not  possible  to  obtain  values  direct,  as  no  kilovolt- 
ampere  meter  is  available.  We  can,  however,  integrate  the 
wattless  component  by  a  suitable  meter,  and  thereby  obtain 
the  average  value  of  power  factor. 

Suggestions  for  Power  Contracts.  In  view  of  what  has  been 
said,  we  would  suggest  that  an  ideal  power  contract  for  mines 
should  be  based  upon  the  following: 

(a)  Fixed  charge,  depending  upon  the  integrated  peak  load  for  a 
reasonable  period,  so  that  it  will  represent,  approximately,  the  equip- 
ment required  to  carry  consumer's  load. 

(b)  In  addition  to  the  above,  a  flat  rate  per  kw-hr.,  based  on  operating 
costs,  taking  into  consideration  the  amount  of  power  used,  and  allovhing 
a  graduated  discount  to  give  large  consumers  a  lower  rate. 

(c)  If  power  factor  is  a  consideration,  a  reasonable  limit  should  be 
set,  lower  power  factors  being  penalized  by  increasing  the  rate  per  kw-hr., 
and  a  reduction  in  rate  granted  if  high  power  factor  is  obtained. 

We  believe  that  if  this  plan  were  generally  followed,  it  would 
be  possible  to  meet  all  the  conditions  arising  in  mining  work, 
and  to  fix  rates  that  can  be  given  to  all  consumers  that  ^ill 
represent  profitable  business. 

In  conclusion,  it  must  be  pointed  out  that  to  secure  this  load 
the  central  station  should  adopt  a  generous  policy  towards  its 
customers,  and  when  there  is  doubt  as  to  the  effect  of  operating 
conditions  upon  the  station's  costs,  it  should  be  prepared  to  accept 
the  risk,  rather  than  attempt  to  place  a  burden  upon  the  con- 
sumer which  may  not  be  justified  by  results.  The  central 
station  has  the  advantage  of  the  diversity  of  loads,  and  a  part 
of  this  benefit  should  be  given  to  the  consumer. 
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Discussion    on    "  Mining    Loads  for  Central   Stations  " 
(Sykes  and  Bright),  Pittsburgh,  Pa.,  April  19,  1913. 

P.  M.  Lincoln:  I  do  not  think  in  our  industry  there  is 
anything  on  which  the  members  of  the  fraternity  have  more 
divergent  opinions  than  they  have  on  this  question  of  power 
rate.  It  is  somewhat  difficult  in  the  first  place  to  obtain  a  proper 
conception  of  the  items  to  include,  to  arrive  at  a  proper  power 
rate.  Possibly  the  best  way  to  get  at  it  would  be  to  consider 
the  things  which  go  to  make  up  the  ideal  power  rate.  In  starting 
out  on  this  task  it  is  very  possible,  in  fact  it  is  almost  certain, 
that  what  may  be  an  ideai  power  rate  in  hiy  opinio^  may  not  be 
an  ideal  power  rate  in  the  opinion  of  some  one  else. 

In  my  opinion  the  ideal  power  rate  should  recognize  load 
factor,  it  should  recognize  the  power  factor,  it  should  recognize 
the  quantity  of  power,  and  it  should  recognize  the  time  of  day 
at  which  the  peak  load  occurs.  In  addition  to  these  requirements, 
it  should  be  easily  measured,  and  measured  by  standard  instru- 
ments one  can  get  on  the  market,  and  by  instruments  which 
do  not  have  an  excessive  cost.  In  addition  to  all  that,  it 
should  be  a  rate  which  is  easily  explained  to  the  customer. 

When  you  have  got  that  far,  you  can  see  that  there  are  some 
inconsistencies,  among  the  items  that  go  to  make  up  the  ideal 
rate,  because  a  rate  which  takes  into  consideration  load  factor, 
power  factor,  quantity  of  power  consumed,  and  the  time  of 
day  at  which  the  peak  occurs,  is  not  easily  measurable  and  also 
is  not  one  which  will  be  easily  explained  to  the  power  customer. 

We  are,  therefore,  forced  to  the  proposition  of  selecting  a  rate 
which  will  give  the  best  compromise,  and  just  what  that  com- 
promise shall  consist  of  is  the  point  on  which  most  us  will  differ. 

The  rate  which  has  been  suggested  in  the  paper  is,  I  think, 
an  equitable  one.  It  depends  upon  the  maximum  demand  plus 
a  kw-hr.  rate,  and  a  suggestion  is  made  that  the  power  factor 
should  be  taken  into  consideration,  but  just  how  that  is  going 
to  be  accomplished  is  not  disclosed.  I  believe  that  a  rate  that 
is  based  upon  the  suggested  method  of  measuring  is  an  equitable 
one.  However,  the  question  of  measurement  is  a  difficult  one. 
There  are  instruments  on  the  market  which  will  measure  maxi- 
mum demand,  but  they  are  not  cheap,  and  as  yet  they  have  not 
had  a  very  wide  application,  so  that  here  again  is  a  serious 
difficulty  that  confronts  us  when  we  come  to  this  question  of 
power  rates.  The  demand  for  some  instrument  which  will  give 
us  the  maximum  demand  and  possibly  also  take  into  considera- 
tion the  power  factor,  will  eventually  result  in  the  production 
of  a  meter  which  will  be  cheap  and  accurate,  and  will  be  standard- 
ized, but  as  yet  I  do  not  believe  that  we  can  now  say  that  we 
have  such  an  instrument. 

Sidney  G.  Vigo :  In  the  paper  by  Messrs.  Sykes  and  Bright,  on 
p^ge  1136,  under  (b)  the  statement  is  made:  **  In  addition  to 
the  above,  a  flat  rate  per  kw-hr.,  based  on  operating  costs,  taking 
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into  consideration  the  amounts  of  power  used,  and  allowing  a 
graduated  discount  to  give  large  consumers  a  lower  rate."  I 
believe  that  this  basis  of  charge  is  considered  very  carefully  in  Mr. 
Hopkinson's  design  of  his  wholesale  rate  of  charge,  of  which  he 
speaks  in  the  early  part  of  his  paper,  that  is,  based  on  a  kilowatt 
demand  charged  for  fixed  investment,  and  a  sliding  scale  for  the 
operating  charges  or  the  kilowatt-hours  consumed  per  month. 

Along  these  lines  various  central  stations  in  the  country  have 
based  a  secondary  charge,  as  it  is  called,  per  kilowatt-hour 
consumed,  on  such  a  sliding  scale  as  ranges  down.  If  a  mine 
consumes,  say  50,000  kw-hr.,  it  gets  a  rate  which  runs  dowTi  until 
it  strikes  about  6  or  7  mills  per  kw-hr.  and  below  this  sliding 
scale  rate  there  is  a  still  further  discount  given  for  prompt 
payment  of  bills. 

Now,  the  central  station,  in  addition  to  offering  a  rate  of  this 
kind,  should  take  into  consideration,  as  Mr.  Lincoln  suggested, 
the  time  at  which  the  peak  comes  during  the  month.  Where  the 
central  station  is  located  in  a  large  community,  where  it  has 
considerable  general  business,  and  the  business  of  the  mine  is  only 
incidental  to  its  general  business,  it  may  be  considered  that  the 
mining  operation  is  primarily  off-peak  business.  They  con- 
sequently should  rectify  their  primary  charge,  or  fixed  investment 
charge,  to  conform  to  the  investment  required  for  the  mine, 
which  keeps  off  its  peak.  This  should  involve  a  different  rate 
from  that  which  is  offered  to  the  ordinary  consumers,  and  the 
central  station  should  be  in  a  position  to  offer  a  very  flattering 
rate  to  mine  operators. 

The  matter  of  peak  we  know  is  of  consideraV)lc  importance  to 
a  central  station  company,  not  only  durinj^j  the  summer  months 
when  the  mine  operates,  but  speaking  of  it  in  a  general  way.  It 
might  be  shown  that  in  one  of  the  largest  central  stations,  prob- 
ably the  largest,  in  the  middle  west,  there  are*  investments  of 
$80,000,000  in  equipment,  transmission  lines,  etc.,  and  diuing 
the  summer  months  $25,000,000  of  that  investment  is  l>'ing  idle, 
and  this  large  amount  of  equipment  is  installed  to  take  care  of 
the  peak  in  the  winter  months;  consequently,  it  has  arranged 
very  flattering  off-peak  rates  to  all  classes  of  industries  m  order 
to  improve  its  yearly  load  factor. 

There  is  one  point  which  Mr.  Bright  touched  on  in  reading  the 
paper,  in  the  early  part  of  it,  which  did  not  deal  with  the  rate 
situation,  but  was  a  question  of  operating  steam  engines  in 
mines.  The  fact  that  the  engine  was  considerably  larger  than 
was  required  was  due  to  the  fact  that  there  was  no  other  engine 
available.  That  is  quite  a  common  occurrence  in  mines,  as  well 
as  a  matter  of  fact,  in  all  classes  of  business,  and  it  brings  out 
very  forcibly  one  of  the  strongest  j^oints  that  central  station 
companies  could  use  as  arguments  in  favor  of  their  service, 
and  that  is  the  flexibility  of  central  station  drive.  As  the  mine 
will  increase  in  capacity,  or  other  machines  are  added  to  its 
equipment,  it  is  not  necessary  to  put  in  a  larger  unit — simply  add 
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a  larger  motor;  and  in  view  of  the  contemplated  growth  of  a 
mine,  it  is  sometimes  customary  to  put  in  a  considerably  larger 
engine  than  is  required  at  the  outset,  and  you  can  see  that  in 
this  way  the  inefficiency  at  which  a  plant  was  operated  during  the 
earlier  period  might  be  quite  considerable. 

The  central  station  company,  although  it  is  not  its  inclination 
to  curtail  the  activity  of  the  consulting  engineers,  maintains  men 
who  are  thoroughly  familiar  with  all  classes  of  industries.  The 
central  station  will  have  a  man  for  instance,  who  will  be  an 
expert  on  mining,  and  he  will  give  every  attention  possible  not 
only  to  the  securing  of  the  business  but  also  to  the  designing  of 
the  best  equipment  for  the  mine,  and  one  of  the  prime  slogans,  you 
might  say,  of  central  station  activity  is  the  fact  that  after  the 
piece  of  business  is  secured  the  work  of  the  power  man  has  only 
just  begun.  He  must  necessarily  follow  this  piece  of  business 
and  see  that  it  continues  to  operate  to  the  satisfaction  of  the 
consumer,  and  he  should  always  be  ready  to  offer  any  suggestion 
that  will  improve  the  economy  of  the  operation. 

Theodore  Swann:  I  am  connected  with  a  company  in  West 
Virginia  which  is  installing  a  plant  in  the  heart  of  the  coal  fields, 
with  the  express  idea  of  serving  the  coal  mine  load  only.  We 
tried  to  determine  that  ideal  rate,  which  I  know  we  have  not 
done  so  far,  but  we  have  given  the  customers  a  certain  benefit  of 
the  diversity.  If  a  customer's  demand  is  between  50  kw.  and  300 
kw.,  we  determine  his  demand  on  the  basis  of  a  five-minute 
integrated  peak,  and  set  his  circuit-breaker  at  100  per  cent  over- 
load, thus  giving  the  individual  mine  the  benefit  of  a  100  per 
cent  overload,  which  will  take  care  of  any  drop.  If  the  demand  is 
between  300  and  500  kw.,  if  there  is  more  than  one  line  being 
operated  by  this  customer,  because  there  are  very  few  individu^ 
mines  that  require  over  300  kw.,  we  lengthen  the  time  out  to 
10  minutes,  and  only  give  him  75  per  cent  overload,  instead 
of  100  per  cent  overlpad.  In  the  case  of  a  customer  using  500 
kw.  and  over,  we  stretch  the  time  to  15  minutes,  and  cut  the 
overload  down  to  50  per  cent.  In  that  way  we  believe  we  have 
every  class  of  customer  paying  us  the  same  interest  charge. 
By  actual  investigation  of  more  than  one  hundred  plants  in  the 
field,  we  find  the  average  investment  per  kw.  of  station  capacity 
by  the  customer  to  be  $80.  If  we  charge  six  per  cent  interest  on 
that,  and  7.5  per  cent  for  obsolescence,  as  we  prefer  to  call  it, 
and  1 .5  per  cent  for  insurance  and  taxes,  we  have  a  total  of  16 
per  cent  fixed  charges  per  kw.  of  rated  capacity,  which  makes  a 
rate  of  $12  per  year  for  fixed  charges,  independent  of  operating 
expenses,  and  we  determine  our  rate  on  the  same  basis  at  $12 
per  kw.  of  demand  per  year,  to  cover  the  carrying  of  reserved 
capacity  for  the  operator.  On  tests  made  on  fifty-six  plants, 
which  will  average  200  kw.  each,  we  foimd  the  integrated  peak 
to  be  60  per  cent  of  the  installed  capacity,  and  that  means  the 
customers  would  be  paying  themselves  on  the  basis  of  $12  per 
kw.  per  year,  but  on  the  same  number  of  kilowatts,  only  paying 
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US  60  per  cent  of  that.  They  would  have  the  40  per  cent,  which 
means  that  is  the  reserve  carried  over  the  average  of  the  fifty-six 
plants  that  we  have  tested  on  this  basis. 

As  to  the  load  factor,  we  found  the  minimum  load  factor  based 
on  the  integrated  peak  to  be  5 . 3  per  cent,  and  the  maximtmi  load 
factor  to  be  49 .7,  and  the  average  of  the  entire  field  to  be  26.4, 
but  the  load  factor  based  on  demand  to  be  only  15.8  per  cent. 
These  figures  were  determined  by  the  printometer  which  we  used 
on  all  the  plants,  conducting  tests  which  covered  from  one  day  to 
ten  days,  in  seciuing  the  average.  We  determined  the  average 
tonnage  by  the  production  for  1912,  and  during  the  time  of  dl 
these  tests  we  were  "  off  "  less  than  one  per  cent  of  the  average 
normal  production,  so  for  that  reason  the  figures  may  be  taken 
as  representing  actual  operating  conditions  to  a  degree  which  is 
measurably  correct. 

As  to  the  diversity,  by  plotting  the  load  curves  of  twelve  plants 
we  found  the  diversity  to  be  14 .25,  and  taking  twenty-two  plants 
we  found  a  diversity  of  1 .52.  We  figtired  originally  we  would 
have  a  diversity  of  1.5,  and  instead  of  receiving  $12  per  kw.  per 
year  of  demand  we  would  receive  $18  per  kw.  of  our  central 
station  demand,  thus  enabling  us  to  put  more  money  than  $80 
per  kw.  including  transmission,  into  our  service. 

From  the  present  test,  it  would  seem  that  our  1.5  diversity 
is  going  to  be  low.  The  1 .  52  was  based  on  the  avers^e  of 
twenty-two  plants,  that  aggregated  3,000  kw.  of  demand,  and 
we  expect  to  have  on  our  line  something  like  20,000  or  25,000  kw. 
so  that  it  would  indicate,  while  the  ratio  is  very  much  less  as 
you  increase  the  number  of  plants,  that  it  will  be  possible  to 
obtain  a  diversity,  an  hourly  mining  load,  of  at  least  1 .75.  That 
is  on  bituminous  coal,  the  majority  of  the  mines  being  drift  or 
slope  mines,  only  about  10  per  cent  of  our  total  output  being 
shaft  mines,  and  in  that  particular  instance  we  measured  the 
current  to  the  customer  at  one  point,  and  he  carried  it  out  to  18 
points,  so  they  get  the  benefit  of  the  diversity  before  it  goes  on 
our  line.  If  we  had  more  of  the  hoisting  loads,  as  you  have  in 
Pennsylvania,  I  do  not  think  we  could  get  the  same  results  we 
had  on  that  basis. 

One  of  the  most  advantageous  features  to  the  mine  operator 
in  purchasing  power,  in  my  opinion,  is  to  have  a  definite  method 
of  determining  his  cost.  I  have  made  the  statement  to  some 
operators  that  we  might  charge  them  25  per  cent  more  per 
kilowatt-hour  for  current,  and  even  at  that  we  would  save 
them  money  at  the  end  of  the  year.  At  first  that  sounds  more 
or  less  like  a  fish  story,  but  relocation  is  our  one  hobby.  The 
average  power  plant  will  lose  from  30  to  50  volts  in  transmission 
from  the  power  house  to  the  drift  mouth.  In  no  case  have  we 
recommended  underground  substations.  We  want  to  simplify 
the  operation  in  every  way  possible.  This  relocation  means 
additional  voltage  on  the  machines ;  and  in  the  case  of  one  mine, 
which  represented  an  average  condition,  which  we  tested,  we 
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found  that  by  improving  the  voltage,  due  to  the  bonding,  they 
could  haul  twenty  cars  per  trip  in  lieu  of  twelve  cars.  This 
condition  in  that  mine  was  more  of  an  average  condition,  rather 
than  an  abnormal  condition.  We  have  made  the  statement,  and 
we  have  proved  it  out  in  actual  test,  that  two  locomotives  or 
two  mining  machines  will  haul  more  coal  and  cut  more  coal 
than  three  locomotives  and  three  mining  machines,  if  you  give 
the  two  locomotives  and  two  mining  machines  good  voltage 
and  give  the  three  locomotives  and  three  mining  machines 
ordinary  voltage,  not  taking  the  worst  condition.  We  have 
foimd  some  mines  attempting  to  haul  coal  with  as  low  as  40 
volts.  It  is  needless  to  say  what  the  results  were.  It  appears 
that  the  average  power  plant  was  installed  somewhere  near 
water,  and  as  the  mines  grew  and  opened  up  their  workings  it 
was  natural  that  the  scene  of  actual  operation  in  the  mines 
became  more  removed  from  the  site  of  the  power  plant,  and  our 
idea,  in  going  into  the  field  of  supplying  power  for  mining  opera- 
tions, is  that  the  generation  of  ctirrent  for  mine  use  is  becoming 
an  alternating  current  proposition,  though  its  use  inside  the  mine 
may  be  in  the  form  of  direct  current. 

As  to  a  uniform  contract,  the  first  thing  we  decided  on  was 
that  we  would  give  an  absolute  uniform  contract  and  not  vary 
from  it  in  the  slightest  particular.  I  am  glad  to  say  we  have  over 
half  of  our  plants  loaded,  and  we  have  not  made  a  variation  of 
our  rate  in  a  single  contract.  We  at  first  determined  the  form 
of  contract  which  we  believed  was  fair  and  equitable,  and  we 
have  stood  on  that  contract.  It  is  based  on  the  $12  per  kw.  of 
demand,  and  in  addition  to  that  a  base  rate  for  current  supplied 
of  1 .5  cents  per  kw.,  with  a  discount  starting  at  10  per  cent  and 
going  in  steps  of  2.5  per  cent  up  to  55  per  cent.  Our  current 
charge  runs  from  1 .  35  cents  down  to  6  n^iills,  based  on  the  quantity 
used.  The  lowest  discount  is  given  on  10,000  kw-hr.  per  month, 
and  the  highest  on  a  million  kw-hr.  per  month.  We  have  been 
able  on  these  rates  to  obtain  three  of  the  largest  operations  in  the 
field,  and  a  great  many  smaller  ones,  and  in  practically  every 
case  we  were  able  to  show  that,  even  on  our  rate,  which  we  were 
very  frank  to  state  to  the  operator  is  high  enough,  we  cannot 
give  them  strictly  first-class  service,  and  it  has  been  my  exper- 
ience that  the  operator  would  rather  pay  a  reasonable  rate  and 
be  guaranteed  good  service  than  to  buy  something  cheap;  in 
other  words,  we  say  we  are  selling  them  service,  and  incidentally 
furnishing  them  with  power.  To  carry  that  out,  I  may  say  that 
all  of  our  construction  will  be  steel  towers,  the  poles  aU  on  loop 
circuits,  and  there  will  be  no  mine  but  what  we  can  serve  from 
two  different  points,  unless  it  is  a  smaU  branch  off  the  main  line; 
we  will  use  44,000  volts  for  our  secondary,  and  when  we  develop 
a  waterpower  plant  we  may  use  something  higher. 

I  have  found  that  the  operators  in  West  Virginia  are  not 
after  something  cheap,  they  are  after  the  most  rdiable  service 
which  they  can  obtain;  they  are  installing  alternating  current 
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and  properly  applying  it.  In  nearly  every 
the  operators  of  the  mines  were  more  t 
facts  about  their  equipment,  and  many  < 
you  to  please  tell  us  frankly  what  you  tl 
Sometimes  they  have  been  so  bad  that  W' 
frankly  what  we  did  think  of  them.  I  h 
operators  for  about  four  years,  and  of  all 
people,  I  believe  they  are  a  class  you  cani 
on"  and  get  away  with  it.  You  must  hav 
may  tell  them  you  are  charging  them  eno 
every  one  of  them  exactly  the  same  ra1 
cases  where  a  salesman  would  sell  one  opi 
price,  and  another  operator  the  same  th: 
and  it  is  only  a  question  of  days  until  t 
done  with  in  that  particular  field.  I  thin) 
operators  more  so  than  it  is  with  any 
The  inter-relationship  and  ownership  t 
makes  it  absolutely  necessary  to  have  a 
have  a  new  Public  Service  Commission  i: 
to  a  certain  extent,  has  been  the  reasoi 
exceptions.  On  the  other  hand,  when  a  c 
is  getting  the  same  contract  as  every  ot 
is  for  him  not  to  read  the  contract,  even 
the  same  contract  that  so  and  so  has?" 
and  in  some  cases  show  the  signature  of 
will  sign  the  contract  and  say,  "  If  I  i 
getting,  it  is  all  right." 

H.  C.  Eddy:  I  think  that  Messrs.  S; 
be  congratulated  upon  the  many  good  thi 
paper.  There  is  one  paragraph,  which  I 
tors  ought  to  cut  out  and  paste  somewhe 
to  it  frequently  and  become  thoroughly 
paragraph  is  this: 

"  It  is  immaterial  whether  the  power  i 
station,  and  distributed  to  a  number  of 
each  of  the  customers  has  his  own  genera 
cost  will  be  made  up  of  the  same  items,  v 
demonstrated  to  a  prospective  customei 

The  only  exception  I  would  make  to  tl 
it  is  not  always  so  easy  to  demonstrate  t' 
that  he  has  any  fixed  charges.  So  mai 
consider  that  the  cost  of  the  labor,  the  co 
use,  and  the  other  incidental  operating 
expenses  that  enter  into  the  cost,  and  wh 
tion  to  interest  on  investment  and  dep 
these  other  items  which  are  absolutely  a 
are  apt  to  get  back  at  you  with  the  stater 
long  ago  paid  for  itself,  consequently  no 
apply,  and  they  maintain  the  plant  in  go 
and  it  is,  therefore,  not  a  part  of  their 
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any  charge  for  depreciation.  I  think  that  if  the  average  owner 
and  operator  of  a  power  generating  plant  would  consider  these 
points  a  little  more  carefully  than  they  have  done  in  the  past, 
that  perhaps  their  ideas  as  to  the  cost  of  generating  would  be 
materially  altered. 

There  is  another  point  w^hich  I  had  intended  to  speak  about, 
but  which  has  been  covered  very  fully  by  Mr.  Swann,  and  that  is 
the  question  of  the  primary  charge  based,  say,  upon  a  kilowatt 
of  demand.  The  paper  states:  *'  It  is  usually  not  possible  to 
arrange  the  fixed  charge  that  a  large  customer  pays  so  that  it  will 
cover  the  total  fixed  charges  of  the  station.*'  I  do  not  consider 
that  that  is  altogether  necessary,  that  it  should  cover,  because 
of  the  fact  of  the  diversity  factor  that  enters  into  a  large  system 
supplying  power  to  a  number  of  different  customers,  whose 
demands  on  that  station  come  at  varying  periods,  so  that  there 
is  no  great  likelihood  of  one  peak  being  superimposed  upon 
another,  and  thus  making  unusual  demands  upon  the  plant 
and  requiring  it  to  carry  a  very  high  reserve  capacity. 

So  far  as  I  am  able,  I  should  like  to  endorse  absolutely  the 
remarks  of  Mr.  Swann  with  regard  to  uniformity  of  treatment 
of  various  customers.  That  is  the  only  way  that  it  is  possible 
to  sell  either  service  or  a  commodity.  One  man's  money  is  as 
good  as  another  man's,  and  so  long  as  one  man  makes  the  same 
use  of  the  facilities  which  the  central  station  offers  him  as  another 
one,  these  two  men  should  be  treated  exactly  alike. 

There  is  another  point  I  should  like  to  bring  out,  and  that  is 
that  it  seems  to  me  there  has  been  an  unnecessary  discussion 
of  the  rate  per  kilowatt-hour.  I  do  not  believe  that  that  is  of 
as  much  real  interest  to  the  purchaser  of  power  as  the  amount  of 
his  bill.  I  do  not  believe  that  there  is  an  operator  who  cares 
very  much  what  his  rate  per  kilowatt-hour  may  be,  provided 
the  total  cost  of  power  purchased  from  the  central  station  is  less 
than  he  can  produce  the  same  quality  service  for  himself,  and 
whether  your  rate  be  15  or  20  cents  per  kw-hr.,  and  you  can 
save  him  money  in  the  course  of  a  year,  he  is  your  customer  for 
all  time  and  your  friend  as  well.  So  that  while  there  is  a  great 
difference  of  opinion  as  to  what  constitutes  the  proper  rate,  and 
as  Mr.  Lincoln  has  pointed  out,  a  proper  rate,  an  ideal  rate,  from 
the  central  station  standpoint,  is  usually  almost  impossible  of 
explanation  to  the  man  who  is  not  fam^iar  with  the  problems 
of  the  central  station,  yet  I  think  it  is  possible  to  incorporate  all 
or  nearly  all  of  the  elements  of  an  ideal  rate  in  such  a  way  as  to 
at  least  appear  reasonable  to  the  man  you  are  attempting  to 
deal  with,  even  though  he  does  not  understand  all  of  it,  and  that 
lends  even  greater  force  to  what  Mr.  Swann  has  said  in  regard  to 
uniformity  of  treatment  of  various  customers.  If  they  feel  that 
you  are  dealing  fairly  with  them,  and  that  each  man  gets  the  same 
rate  as  his  neighbor,  and  they  will  soon  find  it  out  if  he  is  not, 
the  question  as  to  whether  the  rate  is  properly  constructed  and 
whether  it  is  readily  imderstandable,  becomes  a  secondary 
matter. 
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S.  B.  Storer;  The  question  of  rates  is  one  I  have  been  con- 
siderably interested  in  for  the  last  ten  years,  and  I  am  glad  to  see 
that  so  many  of  the  expressions  of  sentiment  here  th^  morning 
indicate  a  tendency  to  one  system— that  of  a  maximimi  demand 
charge  plus  a  kilowatt-hour  charge.  If  there  is  one  thing  that 
upholds  the  belief  that  that  is  the  only  fair  system,  it  is  a  contin- 
ual attempt  to  sell  power  for  a  number  of  years  to  all  classes  of 
consumers.  Furthermore,  all  seem  to  realize  the  growing  neces- 
sity of  having  an  absolutely  uniform  contract.  The  feature  of 
how  the  maximtmi  demand  is  to  be  measured  is  one  that  every 
customer  tries  to  settle  to  meet  his  own  conditions,  so  that  h^ 
longest  peak  will  not  be  subject  to  that  measurement.  In  all 
of  the  contracts  which  I  have  negotiated  personally,  the  dura- 
tion of  the  peak  has  been  limited  to  60  seconds.  That  may  sound 
pretty  short,  but  it  might  better  be  30  seconds  than  60  seconds, 
and  it  would  still  be  equitable  alike  to  the  consumer  and  the 
power  company. 

To  show,  as  an  extreme  case,  that  that  is  not  too  short  a  time, 
I  can  refer  to  one  particular  factory  that  I  have  in  mind,  a  sheet 
steel  rolling  mill  located  near  Buffalo  where  power  is  purchased 
on  the  basis  of  their  load  factor,  the  demand  being  on  a  one- 
minute  basis.  While  the  contract  itself  provided  that  the  demand 
might  be  measured  either  by  the  average  load  for  one  minute 
or  by  a  block  peak  for  one  minute,  as  obtained  by  a  line  drawing 
wattmeter,  the  measurement  at  first  was  made  by  a  meter  of 
the  latter  type.  For  a  considerable  period  of  time,  the  load  factor 
month  by  month  was  determined  at  125  per  cent,  or  in  other 
words,  they  never  had  a  peak  that  lasted  over  10  to  15  seconds, 
it  being  caused  by  a  quick  shoot  of  the  metal  through  the  rolls. 
The  line-drawing  wattmeter  would  make  a  momentary  stab  and 
drop  down  again.  The  result  was  that  the  sustained  one- 
minute  demand  was  simply  the  friction  load — coupled  with  a 
small  supply  of  energy  to  the  flywheel,  which,  of  course,  smooths 
out  the  peaks  a  trifle.  As  a  load  factor  of  125  per  cent  is  an 
absurdity,  the  only  thing  that  could  be  done  was  to  call  it  100 
per  cent  and  charge  it  on  a  kilowatt-hour  basis. 

The  fair  way  to  get  at  a  demand  charge  is  to  arrive  at  a  time 
element  so  that  if  it  is  in  use  over  a  very  large  system,  the 
demand  will  be  shown  in  the  operation  or  action  of  the  governor 
controlling  the  prime  mover,  whether  a  waterwheel,  steam 
engine,  or  gas  engine.  If  it  is  a  momentary  fluctuation,  the  stored 
energy  in  the  revolving  elements  operating  in  connection  with 
the  transmission  system  will  take  care  of  it.  A  waterpower 
plant  having  a  capacity  of  100,000  h.p.  will  take  a  momen- 
tary demand  on  a  railway  system  of  500  or  1000  h.p.  and  the 
governor  may  not  show  it,  but  if  that  demand  lasts  for  30  or  60 
seconds  the  entire  system  is  slowed  down  in  speed  suflSciently 
so  that  the  waterwheel  governor  opens  the  gate  to  compensate 
for^the  extra  load.  To  my  mind,  therefore,  any  system  of  charg- 
ing^to  be  equitable  alfike  to  Ni^eie  ^o^^x  ^o-ccsr^^bs^^  and  the  constmier 
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should  take  that  feattire  into  consideration.  A  steam  plant  can 
stand  a  peak  of  much  longer  time  with  safety,  due  to  the  stored 
energy  in  the  boilers,  than  can  any  water  plant  which  usually 
has  no  overload  capacity  in  the  wheel. 

The  fixed  charge,  as  a  proportion  of  the  total  cost,  may  in 
general  be  made  considerably  less  with  a  steam  plant  than  with 
a  water  plant,  on  account  of  the  lower  investment,  but  the  kilo- 
watt-hour charge  must  be  correspondingly  higher,  due  to  higher 
operating  costs.  Twelve  dollars  per  lalowatt-year  as  a  foced 
charge  on  a  steam  plant  is  fair  to  customers  of  almost  all  sizes, 
but  on  a  water-power  system,  you  must  take  into  consideration 
the  diversity  factor  to  a  much  greater  extent,  and  a  user  of  5000 
h.p.  should  pay  a  great  deal  higher  rate  per  horse  power  year  or 
kilowatt-year,  on  the  maximum  demand,  than  the  little  fellow 
does.  To  my  notion,  the  ideal  system  makes  use  of  a  low  service 
charge  per  kilowatt-year  for  little  consumers,  perhaps  of  5, 
10,  15,  20  h.p.,  or  even  up  to  50  h.p.,  and  that  may  be  $12  per 
kilowatt-year  on  their  installed  capacity  or  their  contract  amount 
of  power,  as  they  ordinarily  require  it,  but  if  you  put  on  a  5000- 
h.p.  customer,  your  diversity  factor  is  so  cut  down,  that,  as  a 
general  proposition,  the  rate  per  kilowatt-year  should  be  50 
per  cent  more  than  it  is  to  the  small  customer.  Most  of  the 
contracts  which  I  have  negotiated  take  that  feature  into  consid- 
eration and  have  a  continually  increasing  kilowatt  or  capacity 
charge,  from  the  smallest  to  the  largest.  To  compensate  for 
the  increasing  service  charge  rate,  and  also  to  meet  the  com- 
mercial conditions  arising  under  actual  operating  systems,  the 
kilowatt-hour  rate  for  the  small  consumer  is  made  perhaps  1 . 5 
or  3  cents,  while  for  the  very  large  consumer  it  is  only  3  or  4 
mills,  the  service  charge  making  up  about  one-half  or  even  two- 
thirds  of  the  total  cost  of  power  to  the  consumer. 

I  quite  agree  with  the  last  gentleman  who  spoke  that  the 
average  consumer  does  not  care  anything  about  the  kilowatt-hour 
rate,  provided  his  monthly  bill  is  reasonable.  While  it  is  a 
statement  of  a  somewhat  retrogressive  character,  I  am  going  to 
say  that  I  think  most  of  the  tests  to  determine  what  the  average 
manufacturing  plant  or  any  other  power  consumer  uses,  and 
what  the  bill  is  going  to  be,  is  pretty  much  time  wasted.  A  good 
power  salesman,  with  considerable  experience,  having  a  line  of  con- 
sumers with  whose  plants  he  is  familiar,  can  tell  what  each  plant 
ought  to  operate  at,  and  if  he  has  the  courage  of  his  convictions 
and  believes  it,  and  his  power  company  has  its  nerve  with  it,  they 
will  go  in  and  tell  that  customer —  "We  will  equip  your  plant, 
supply  it  with  power  at  our  standard  rates  and  you  will  run 
the  plant  with  this  power  for  a  year.  If  at  the  end  of  that 
time  the  results  do  not  appeal  to  you  or  you  are  not  satisfied 
with  the  bills  or  service,  you  can  discontinue  its  use  and  we  will 
take  the  apparatus  off  your  hands  at  what  it  cost  you.'*  I  have 
used  that  same  method  repeatedly  when  it  was  impossible  to 
convince  certain  manufacturers  that  their  costs  for  electric 
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power  wotdd  be  within  a  reasonable  limit.  They  did  not  care 
about  that.  They  knew  that  it  cost  them  very  much  less  for 
power  than  the  figures  we  mentioned,  but  they  were  willing  that 
we  should  put  in  an  equipment  on  the  basis  which  "I  have  out- 
lined, and  we  have  never  yet  been  called  upon  to  take  back  the 
apparatus.  Service  is  the  meat  of  the  whole  power  discussion,  and 
whether  it  is  one  basis  of  charging,  or  another,  does  not  materiaLy 
affect  the  consumer,  so  long  as  the  residt  is  satisfactory;  but 
it  is  necessary,  because  of  public  service  commissions,  and 
because  of  swapping  of  stories  back  and  forth  between  consumers, 
to  have  a  power  contract  which  is  absolutely  uniform  for  all 
of  them,  and  you  cannot  get  that  by  giving  a  five-minute  peak 
to  one  customer,  a  fifteen-minute  peak  to  another  and  half -hour 
peaks  to  others. 

Graham  Bright:  I  have  not  very  much  to  say  in  closing  the 
discussion  on  this  paper.  Mr.  Lincoln  made  the  remark  that 
there  was  not  an  instrument  at  a  reasonable  price,  available  at 
present  for  making  a  proper  record  as  mentioned  in  the  paper, 
but  it  probably  will  not  be  very  long  until  we  can  get  instruments 
of  this  type.  It  is  simply  a  question  of  time,  because  when  there 
is  a  demand  for  a  certain  instrument  it  will  be  developed,  and 
in  my  opinion  it  will  not  be  long  until  we  have  instruments  of 
the  proper  kind,  at  a  reasonable  price,  to  accomplish  this  service. 

Mr.  Vigo  mentioned  the  difficulty  of  moving  a  steam  engine 
around,  as  the  plant  grows,  after  the  engine  becomes  too  small 
and  must  be  replaced  by  a  larger  one.  It  is  quite  a  difficult  mat- 
ter to  take  the  engine  out  and  put  a  larger  one  in  its  place,  but 
when  the  power  supply  is  received  from  a  central  station,  and 
the  motor  which  the  customer  has  becomes  too  small,  it  is  a 
comparatively  simple  matter  to  slip  a  larger  motor  in  its  place, 
and  use  the  smaller  motor  in  some  other  application. 

The  question  came  up  yesterday  in  regard  to  using  the  name- 
plate  rating  as  the  basis  for  fixed  charge.  There  is  a  point  in 
connection  with  this  scheme  which  makes  it  rather  a  hardship 
for  the  customer.  Very  frequently  in  opening  up  a  mine  it  is 
desirable  to  put  in  apparatus  large  enough  to  take  care  of  the 
conditions  in  the  future,  and  if  the  name  plate  ratings  are  taken 
as  a  basis  for  the  fixed  charge,  it  means  that  the  customer  is 
burdened  with  a  heav>'  fixed  charge  until  his  apparatus  becomes 
loaded.  The  result  is  he  might  buy  apparatus  entirely  too  small 
for  his  future  needs,  which  will  soon  become  overloaded,  causing 
general  dissatisfaction. 

There  is  one  question  which  has  not  been  brought  up  in  this 
discussion — Mr.  Eddy  mentioned  it  in  his  paper  yesterday — that 
one  of  the  first  advantages  to  the  operator  from  central  station 
power  was  the  decreased  cost.  Under  certain  conditions  this 
is  not  always  the  first  advantage  and  it  is  not  always  necessary 
to  show  an  operator  for  a  mine  that  his  costs  will  decrease.  In 
fact,  I  believe  that  in  many  cases  an  operator  can  afford  to 
pay  at  least  10  per  cent  more  for  power  secured  from  the  central 
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Station  than  it  would  cost  him  to  produce  it  himself,  due  to  the 
absence  of  worry  and  care  and  absence  of  investment,  so  that  it 
is  not  always  necessary  to  show  the  customer  a  decreased  cost. 

In  regard  to  the  policy  of  the  central  station  with  its  customer, 
there  has  been  too  much  secretiveness  in  the  past,  and  the  general 
opinion  of  the  customer  has  been  that  the  central  station  is 
charging  all  the  traffic  will  bear.  It  is  only  by  an  open  and 
liberal  policy  toward  the  customer  that  the  central  station  can 
obtain  the  confidence  of  the  public,  and  the  central  station  should 
stand  ready  to  make  concessions  to  a  customer  who  is  in  trouble, 
or  has  a  long  period  of  shut-down. 
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